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ABSTRACT 

Opioids are well-known pain relievers and one of several therapeutic options for pain 

management. Although opioids are very effective analgesics, continued use and abuse can 

lead to physical dependence and withdrawal symptoms. Their side effects, such as 

constipation, respiratory depression, and the development of tolerance, addiction liability 

and abuse, highlight the need for safer opioid prescribing practices. The development of 

new chemical probes will assist in further understanding opioid-receptor interactions and 

will serve to advance this field of research.  As a part of a collaborative Ontario Tech 

University-Purdue Pharma program, the synthesis of opioid derivatives for use as chemical 

probes was undertaken to better understand the structure-activity relationships of opioid 

receptors. 

The initial efforts were focused on the preparation of an essential building block 1-

bromocodeine. The bromination of codeine affords an attractive platform for further 

functionalization and the synthesis of other opioid derivatives.  Here we describe the 

development of a new methodology for the large-scale bromination of codeine under mild 

conditions, which was applied for the preparation of a broad range of codeine derivatives. 

The developed protocol is safer and has a higher yield than the commonly employed 

procedure for the bromination of codeine, which involves toxic HBr gas. 

In addition, our efforts toward the synthesis of natural product Bismorphine A revealed 

that bismorphine and pseudomorphine have the same structure. Consequently, we 

successfully prepared a series of novel opioid derivatives, which appear to have a high 
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affinity for MOR (Mu Opioid Receptor). The synthesis and biological activities of a series 

of opioid derivatives are reported.  
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I.1 A Brief History of Opium and Opioids 

Opium is the term for the dried latex generated by the opium poppy, Papaver somniferum.[1]  

Nowadays, Papaver somniferum is the only species used to produce opium.[1] Opium originated 

from Sumeria then spread out to the other regions of the old world.[2] Gradually, the poppyôs usage 

for the treatment of pain dispersed to every major civilization in ancient Europe and Asia.[3]  

Mainly, there are three primary alkaloids in opium: morphine, thebaine, and codeine, which is 

methylated morphine (Figure I.1).[3] In 1803, Sir William Seturner isolated morphine and named 

it after Morpheus, the Greek god of dreams.[4] Shortly after, Pierre Robiquet isolated codeine in 

1832. Subsequently, Thiboumery and Pelletier isolated thebaine in 1835.[5] Isolations of these 

opiates paved the way for chemists who would modify and develop novel compounds. Throughout 

the 19th century, analgesic usage transitioned from opium to opioids with steadily more potent 

effects.[6] 

The structure of morphine consists of five rings with minimal conformational flexibility (Figure 

I.1). Morphine has a rigid pentacyclic structure. Benzene ring (A) has a hydroxyl group. Partially 

unsaturated cyclohexane ring (C) bears an allylic alcohol. A piperidine ring (D) bears a basic 

tertiary amine and an ether linkage between C4 and C5, which forms a tetrahydrofuran ring (E). 

 

Figure I.1 The main alkaloids found in opium 
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Alder Wright synthesized the first opiate, diacetylmorphine, known as heroin, in 1874 (Figure 

I.2).[7] It was hypothesized that by acetylating morphine, he would develop a less potent and 

addictive substance similar to codeine.[7] Heroin production commenced by Bayer pharmaceutical 

in 1898.[7] Bayer named the medication "heroin" grounded on the German heroisch, meaning 

"heroic".[7] From 1898 to 1920, heroin was mistakenly promoted as a non-addictive replacement 

for morphine.[7] Eventually, evidence of heroin's addiction and risk caused the recall of the drug 

in 1920.[7] 

 

Figure I.2 Structure of heroin 

 

For two centuries after its discovery morphine was commonly used for the treatment of severe 

pain, despite tremendous efforts by chemists to synthesize analgesics with fewer side effects. 

Despite the addicting characteristics, there seemed to be no significantly better alternative to 

opioids, and its use prevailed.[8] Beyond that, medicinal chemistsô search for non-addictive 

analgesics yielded numerous morphine analogues and structurally distinct opioids, including 

oxycodone, hydrocodone, hydromorphone, and fentanyl (Figure I.3). These opioids tend to be mu-

opioid receptor (MOR) agonists and remain the most prescribed analgesics, even though 

significant abuse potential continues to be a concern. 
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Figure I.3 Semi-synthetic and synthetic opioids 

 

I.2 The Opioid Epidemic 

From 1997 to 2002, the prescription rate of fentanyl, morphine, and hydromorphone amplified by 

227%, 73%, and 96%, respectively. In addition, their abuse increased by 642%, 113%, and 342%, 

respectively.[9] Opioid overdose deaths rose from 8,048 in 1999 to 47,600 in 2017.[10] . A 2016 

survey estimated that approximately fifty million Americans are suffering from chronic pain.[11] In 

the treatment of pain, the World Health Organization (WHO) designed an analgesic ladder. This 

ladder consisted of NSAID's (Nonsteroidal anti-inflammatory drugs) that should be used to treat 

mild to moderate and acute pain. In contrast, moderate, severe and chronic pain should to be treated 

with opioids.[12] Opioids continue to be one of the medications of choice for chronic and severe 

pain, despite the negative side effects such as tolerance, dependence, respiratory depression, and 

constipation. As a result, the development of novel non-addictive analgesics is essential. 

 

I.3 Opioids and Pain 

Pain impacts millions of people around the world. The International Association for the Study of 

Pain (IASP) describes pain as "the unpleasant sensory and mental experience related to actual or 

potential tissues injury, or described in regards to that damage."[13] The sensation of pain can be 

either acute or chronic; acute pain functions as a defensive feature. However, long term (chronic) 
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pain is detrimental and may considerably diminish the quality of daily life. Opioid receptors are 

targeted for the treatment of acute and chronic pain, which makes opioid receptors primary targets 

for fundamental research investigation. 

 

I.3.1 Pain Mechanism 

Pain and other noxious stimuli activate nociceptors that transmit electrical signals from the 

periphery toward the cortex of the brain, where the pain is processed.  These nociceptive signals 

are regulated by the medullary and midbrain areas, responsible for enhancing these signals and 

initiating descending pathways to stop the pain. [14]Pain signals are transmitted from the periphery 

to the ipsilateral spinal cord and into the distinct lamina, inside the dorsal horn, that subsequently 

transmits this information via fiber tracts like the spinothalamic tract.[15]The spinothalamic tract, 

in specific, transmits signals indicating the strength and location of soreness in the body. Upon 

perceiving pain, the brain reacts by sending electrical signals back through the spinal cord via the 

descending routes. These routes include the lateral corticospinal area, which uses the 

periaqueductal gray (PAG), locus coeruleus, and the dorsal raphe magnus to engage descending 

routes. These routes then work by sending signals through the dorsal lateral funiculus on the spinal 

cord.[14] 

 

I.4 Tolerance, Dependence, and Addiction to Opioids 

Tolerance to opioids refers to the decreased response to opioid agonists exhibited after (hours, 

days or weeks) exposure to opioid agonists. Tolerance is a decreased sensitivity to a submaximal 

dose of opioid agonists, and in some cases as a decrease in the maximal response to opioids.[16] As 

a result, higher doses of agonists are necessary to obtain the desired effect of the medication. Long 
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term usage of opioids results in tolerance to opioids and the development of dependence. 

Dependence is the response to a combination of cellular and circuit level adaptations by constant 

activation of the opioid receptors along with circuit-level adaptations that come from the euphoric, 

anxiolytic, and anti-depressive effects of the opioids.[16-17] An important property of opioid 

tolerance is the fact that various effects of opioid drugs develop tolerance over diverse time frames. 

The variance development of tolerance between the desired effects of opioids and their negative 

side effects can lead to overdose during constant use.[18] Nevertheless, the termination of opioid 

use leads to withdrawal, which causes a multitude of negative effects, for instance: sweating, 

diarrhea, shaking, hyperalgesia, and dysphoria.[19] This causes a dilemma for consumers of opioids 

where the cessation of usage is going to result in considerable physiological and psychological 

distress, but continuing use could lead to an overdose. This complicated relationship between the 

desired and undesirable effects of opioids, in addition to the alterations in brain circuitry that these 

effects cause, results in the cycles of use observed in many addicts.[19b] However, all of these broad 

behavioural effects start with the activation of the opioid receptors, especially the MOR.[20]  

 

I.5 Opioid Receptors  

Opioid receptors are categorized into three groups of ɛ(MOR), ŭ(DOR), and ə(KOR). MOR is one 

of the most widely used targets for the treatment of pain. The contribution of opioid receptors in 

mediating opioid effects was proposed by Beckett and Casy in 1954.[20] This was followed by the 

classification of multiple opioid receptors by Martin and colleagues in 1970.[21] The existence of 

the mu-opioid receptor (MOR) and kappa opioid receptor (KOR) was demonstrated by Martin and 

colleagues in 1976.[22] Identification of the delta opioid receptor (DOR) was reported in 1977.[23] 

The receptors have been named after the opioid ligands used in the pharmacological study by 
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Martin and colleagues; ɛ (morphine), ə (ketocylazocine) and ŭ (SKF 10,047, N-

allylnorcyclazocine) (Figure I.4).[22]  

 

Figure I.4 Structure of ketocylazocine and SKF 10,047  

 

Eventually, molecular biology advancements contributed to the cloning of the gene sequences for 

MOR, DOR, and KOR in the early 1990s.[24]  The most widely studied of the opioid receptors is 

MOR, which is the primary binding site of morphine and the endorphins. DOR is known to bind 

the endogenous enkephalin.[25] KOR binds endogenous peptides identified as dynorphins.[26] 

Opioid side effects, including constipation, respiratory depression and euphoria leading to drug 

abuse, probably originate from analgesic properties of ligands interacting with the ɛ receptor.[27] 

Other side effects, including reduced constipation, respiratory depression, and dysphoria, also 

initiate the analgesic effects of the ə receptor modifiers.[28] Activation of KOR is associated with 

hallucinations and dysphoria.[29]  

 

I.5.1 Opioid Receptor Ligands 

The discovery of endogenous ligands for opioid receptors was discovered in the 1970s, which 

significantly impacted opioid research. First, the discovery of the DOR was based on the discovery 

of the enkephalins (Met-enkephalin and Leu-enkephalin).[30] Later, ɓ-endorphin and dynorphin (ə) 
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were discovered.[31] New endogenous ligands for MOR ended up being subsequently discovered 

in the 1990s by Zadina and colleagues, who separated and then synthesized these endogenous 

agonists, endomorphin-1 and -2.[32] 

Agonists and antagonists are also important pharmacological tools that have been extensively used 

to characterize the opioid receptors. Over the 19th and 20th centuries, the library of known opioid 

ligands improved drastically. Through a rising number of identified opioid ligands, it had become 

noticeable that modifications in chemical structure and stereochemistry could very well modulate 

the pharmacological responses to these ligands. The presence of a structure-activity relationship 

(SAR) among the morphinan ligands indicated a particular binding site upon which these ligands 

have to act.[21, 30a, 33] For instance, bond saturation between C7 and C8 provides hydrocodone with 

the identical potency as oral morphine, but hydroxylation of the C9 hydrogen, oxycodone 

supersedes the potency of morphine.[34] Additionally, the saturation of C7 and C8 along with the 

ketone at C6 provides hydromorphone, which has higher strength than morphine.[34] A synthetic 

analog, fentanyl, was formulated for cancer pain and was found to be 300 times more potent than 

morphine. Opioid agonists are not always applied to clinical practices; DAMGO is currently used 

in scientific research as standard radioligand utilized for in vitro binding research studies (Figure 

I.5). DAMGO is a synthetic opioid ligand primarily designed to bind to DOP but was discovered 

to be a selective MOP agonist and was used as a probe to elucidate the functions of the opioid 

receptors before they had been cloned.[35]  
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Figure I.5 Structure of DAMGO 

 

I.5.2 Opioid Receptor Structure, and Functions 

Opioid receptors are located throughout the central nervous system (CNS) along with the 

peripheral nervous system (PNS), and once activated, receptors are able to inhibit spinal cord pain 

transmission via the inhibition of neurons.[36] MOR and KOR are more diversely spread within the 

body compared to DOR.[37]  

Opioid receptors belong to the rhodopsin (class A) of G-protein coupled receptors (GPCRs), and 

the opioid receptors are coupled to G-proteins.[38] All GPCRs couple with heterotrimeric guanine 

nucleotide binding proteins (G-proteins) that are composed of an Ŭ, together with a dimeric ɓɔ 

subunit.  
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Figure I.6 Mu-Opioid receptor activation and signaling effectors 

 

Upon ligand binding to a GPCR, conformations of the receptor are stabilized, and a signal is 

transmitted from extracellular space to the intracellular space. Second messengers are stimulated 

to initiate downstream signaling. When an agonist binds, a conformational alteration within the 

transmembrane helices occurs, which subsequently favours the exchange of guanosine 

diphosphate (GDP) for guanosine triphosphate (GTP). This exchange enables the dissociation of 

the G protein from the receptor in addition to the dissociation of the Ŭ subunit from the ɓɔ subunit. 

These subunits go on to impact downstream signaling partners (Figure I.6). Consequent cellular 

signaling events (1) inhibit the conversion of adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP) via adenylyl cyclase (2) de-activated voltage-gated Ca2+ channels and (3) 

open K+ channels via G protein inwardly rectifying potassium channels (GIRKs). The effect on 

nerve cell function when an agonist binds to an opioid receptor consist of the decrease in neuron 

excitability and subsequent decrease in cell firing culminating in the inhibition of neurotransmitter 
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release.[39]. Eventually, the signal is terminated. The receptor is reset for subsequent signaling by 

hydrolysis of GTP to GDP, enabling the re-association of the Ŭ and ɓɔ subunits with one another 

and the receptor.[39]  

 

I.5.3 Opioid Receptor Structures 

The opioid receptors are characterized by seven transmembrane helices (TM 1-7) connected by 

three intracellular loops (IL1-3) and three extracellular loops (EL1-3) as well as an extracellular 

N-terminus and intracellular C-terminus (Figure I.7).[40] 

 

Figure I.7 Opioid receptor structure, the mu-opioid receptor is bound to codeine 

 

The crystal structure of the MOR bound to a morphinan antagonist (ɓ-FNA) in the inactive state 

was published by Manglik and coworkers in 2012.[41] Their study revealed molecular insights into 

ligand selectivity. A few years later, in 2015, the crystal structure of MOR in the active state was 

obtained by the same group.[42] The crystal structure revealed nine amino acid residues within the 
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binding pocket directly interact with ligands.[41] These nine amino acids were reported to be present 

in the binding pocket of all three opioid receptors: K233, D147, W293, Y326, M151, I296, H297, 

Y148, and V300.[41] 

An aspartic acid residue (D147) engages in charge-charge interactions with the amine moiety of 

the ligand in active and inactive MOR bound to ligands.[41] A histidine residue (H297) interacts 

with the aromatic ring of the morphinan group in an active and inactive state.[42]  Electron density 

suggests that two water molecules are well-positioned to form a hydrogen-bonding network 

between (H297) and the phenolic hydroxyl of the morphinan group in both states.[41-42] Extensive 

hydrophobic interaction with ligands observed with valine residue (V300) and isoleucine residue 

(I296).[42]  

 

I.6 Opioids  

Morphine represents the very first isolated alkaloid and established the field of alkaloid chemistry. 

The structure of morphine was proposed by Gulland and Robinson in 1925, but the structure of 

morphine continued to be elusive until suitable technological developments eventually made it 

possible for the verification via total synthesis by Marshall D. Gates in 1952.[43]  

Morphineôs methylated derivative codeine was one of the five drugs associated with the highest 

numbers of drug-misuse deaths reported by The Drug Abuse Warning Network (DAWN) from 

1983 to 1985.[44] Codeine is a narcotic pain-reliever and cough suppressant similar to morphine 

and hydrocodone. CYP2D6 bioactivates codeine into morphine (Scheme I.1). The gene encoding 

CYP2D6 has many genetic variations that affect the amount of codeine converted to morphine. 
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Clinically significant toxic effects related to codeine have been observed in ultra-rapid 

metabolizers. [45] 

The metabolism of codeine consists of O-demethylation to morphine. From a quantitative point of 

view, approximately 5% of codeine O-demethylated recovered in urine.[46] Codeine metabolism 

by O-demethylation gives rise to morphine that is pharmacologically considerably more potent 

compared to codeine. Extensive in vitro and in vivo evidence suggests that bioactivation of the 

codeine in the human liver is mediated by cytochrome P450 2D6 (CYP2D6). [47]  

 

Scheme I.1 Metabolic pathway of codeine 

 

Variable expression of CYP2D6 has been extensively studied. It was originally detected when 

individuals encountered severe toxicity as a consequence of deficient metabolism of debrisoquine 

(an anti-hypertensive drug) and sparteine (an anti-arrhythmic drug). People who have a reduced 

capability to metabolize CYP2D6 substrates are described as poor metabolizers (PMs), while the 

rest of the population are labelled as extensive metabolizers (EMs) or ultra-rapid metabolizers 

(UM). Thus far, more than forty various medications are recognized to be oxidized by CYP2D6, 

such as metoprolol (high blood pressure), fluoxetine (antidepressant), and risperidone 

(antipsychotic) (Figure I.8). 
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Figure I.8 Medications metabolized by CYP2D6 

 

I.6.1 Known Opioid Dimers 

It has been realized that both natural and synthetically made opioid dimers interact selectively with 

their biological targets; nonetheless, opioid dimers are still considerably rare (Figure I.9).[48] 

Currently, published examples of opioid dimers are limited to Binaltorphimine/ nor- 

Binaltorphimine (BNI/nor-BNI), Naloxonazine and Naltrexone-inspired derivatives of these 

dimers. BNI, with its rigidified scaffold, has been shown to be a selective ə receptor inhibitor.[49] 
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Figure I.9 Known opioid dimers 

 

Due to the selective activity against the receptor, BNI has been used extensively to explore the 

nature of ligand-ə receptor interactions.[50] On the other hand, Naloxonazine displays bioactivity 

as an inhibitor of the µ1 subdivision receptor, and a Naltrexone-like derivative reveals high µ 

receptor affinity and selectivity.[51] Overall, opioid Naloxonazine and Naltrexone dimers with a 

more considerable degree of conformational freedom inhibit the µ receptor family. Their more 

rigid counterparts BNI and nor-BNI, interact selectively with ə receptors. Despite these promising 

results, the field of opioid dimers is not fully understood.  

New dimeric morphine species bismorphine A and bismorphine B have been extracted from opium 

and characterized by Morimoto and colleagues in 2003 (Figure I.10).[52] To our knowledge, the 

synthesis and biological activity of bismorphines A and B have not been reported.  
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Figure I.10 Naturally occurring morphine dimers 

 

I.6.2 Codeine Halogenation  

Based on our proposed retrosynthesis of bismorphine A, the preparation of bismorphine A 

commenced with an attempt to halogenate codeine (Scheme I.2). However, the commonly 

accepted bromination of codeine, which was developed in 1925, involves HBr gas (Scheme I.3).[53] 
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Scheme I.2 Proposed retrosynthesis of bismorphine A 

 

Previously, Speyer and Rosenfeld reported that codeine could be brominated with HBr (hydrogen 

bromide) gas at elevated temperature in the presence of hydrogen peroxide. 1-Bromocodeine was 

not fully characterized by Speyer and Rosenfeld. The characterization of 1-bromocodeine was 

performed by recording a melting point and IR spectrum.  Currently, this is the only reliable 

protocol for the bromination of codeine. The disadvantages of Speyer and Rosenfeldôs procedure 

include handling HBr gas at elevated temperatures as well as low yield.  
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Scheme I.3 Bromination of codeine by Speyer and Rosenfeld 

 

Hydrogen bromide gas is highly corrosive. It can cause extreme irritation and injury to the upper 

respiratory tract and lungs. Furthermore, exposure to high concentrations may cause death. A 

solution to this problem is to develop a safe and practical methodology for the synthesis of 1-

bromocodeine with a broad scope. The importance of the halogenation reaction is not limited to 

opioid chemistry. Various drugs and drug candidates have a halogenated structure; for example, 

around 25% of the ñtop 200 brand name drugs by the retail dollar in 2009ò have halogen atoms.[54] 

[54b] Bretylium is an antiarrhythmic medication, Bromhexine is used in the treatment of respiratory 

disorders, and Bromazepam is used to treat anxiety, to name a few (Figure I.11).[55] [56] [57] Thus, 

the halogenation of drugs and drug candidates is an essential aspect of medicinal chemistry.  

 

Figure I.11 Examples of bromide containing medications 
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Also, halogenation, such as bromination, would offer the platform for a series of site-selective 

functionalization reactions such as Suzuki, Sonogashira, Heck, Stille, and Kumada.[58] [59] [60]  

Furthermore, tritium-labelled radioligands are essential tools to study opioid receptor 

pharmacology.[61] In the synthesis of tritium-labelled radioligands, halogenated codeine and 

codeine derivatives are essential intermediates.[62]  

I.7 The Goal of the Project 

Over the past two decades, both the public and private sectors have invested a significant amount 

of funding to discover new pain treatments that exploit the opioid receptors. Considering the 

tremendous amount of work that has been done over the past few decades on opioid receptors, 

there is very limited knowledge available to design opioid agonists and antagonists with reduced 

side effects. Even though morphine was isolated from the opium poppy in the 1800s, but to this 

day, the exact molecular interactions that occur between the opioid receptors and their ligands 

remains a major gap in opioid research. 

The project aims to achieve a better understanding of opioid receptorsô structure via the synthesis 

of opioid derivatives and evaluation of their potential as novel opioid chemical probes. We have 

launched a collaborative Ontario Tech University-Purdue Pharma research program to synthesize 

and evaluate both natural and unnatural opioid chemical probes in vitro. The most active 

representatives will further be applied to explore the ligand-opioid receptor binding mode. 

To our knowledge, the synthesis and biological activity of bismorphines A and B have not been 

reported. Due to the importance of biologically active opioid dimers and the lack of significant 

advancement in this field, it has been decided to pursue the synthesis of natural opioid dimer 

bismorphine A. 
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Furthermore, clinically significant toxic effects related to codeine have been observed in ultra-

rapid metabolizers, which has stimulated us to initiate the research toward the synthesis of novel 

codeine analogues to better understand the codeine metabolism pathway. Synthesis of novel 

codeine analogues, especially dimers that will not undergo enzymatic demethylation while 

maintaining modest codeine level activity. 

This research will provide complementary information to aid in the design of therapeutics targeting 

the opioid receptors. Understanding opioid receptor-ligand interaction is essential for designing 

novel therapeutics for certain diseases, such as obesity, psychosis and Parkinsonôs disease.[63-65] 

Moreover, a small molecules, which has been properly characterized to make it possible to research 

particular protein targets in complex biological systems are chemical probes, the improvement of 

new chemical probes will contribute to a better understanding of opioid receptor interactions. It 

will fill some of the gaps in this field. This may lead to the first receptor/ non-covalent inhibitor 

X-ray structure. 
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Chapter II  

Practical Bromination of Codeine and its 

Derivatives with N-bromacetamide and 

Trifluoroacetic anhydride  
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II.1 Development of Codeine Bromination Methodology 

Our initial synthetic efforts to synthesis bismorphine A revealed the need to develop a safe and 

practical methodology for the preparation of 1-bromocodeine on a gram scale with a broad scope 

and high yield. This chapter describes a simple, safe and practical bromination of codeine and 

codeine derivatives. 

Screening of a variety of brominating reagents was performed first. An attempt to use HBr(aq) 

instead of HBr(g) afforded trace amounts of 1-bromocodeine (Table II.1).[1] Various brominating 

reagents such as N-bromosuccinimide (NBS), NBA and bromine (Br2) were attempted (Table II.1). 

[2] [3] [4]  However, the desired product was not observed under the reaction conditions (Table II.1). 

At this point, it has been realized that a novel protocol would have to be established. We turned 

our attention to N-bromoacetamide. NBA, a crystalline shelf-stable solid, has been reported as an 

efficient brominating reagent in the presence of TFA (trifluoroacetic acid) by Rice. [3]   

Table II.1 Bromination of codeine using a variety of brominating reagents 

and conditions 

Entry  Reagent Solvent/Additive Time /Temp. (oC) 

1 NBS CHCl3/    --- 6h/rt 

2 Br2 MeOH/    --- 1h/rt 

3 Br2 30% HCOOH 2h/rt 

4 HBr (aq) 30% HCOOH, 30% H2O2 24h/rt-80 

5 HBr (aq) H2O, 30% H2O2 8h/rt 

6 NBA MeOH / TFA 3h/5 

 

 

Although no reaction occurred with NBA in the presence of TFA, we were pleased to observe that 

NBA yielded some of 1-bromocodeine (3:7 ratio of 1-bromocodeine to codeine) by using TFAA 
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(trifluoroacetic anhydride) (Table II.2, entry 4). Solvent optimization revealed that THF was the 

best solvent because a 3:7 ratio of 1-bromocodeine to codeine was observed (Table II.2, entry 4). 

Table II.2 Optimization of solvent for the preparation of 1-bromocodeine 

Entry  Solvent 1-bromocodeine : Codeine 

1 MeOH 0:10 

2 Dioxane 0:10 

3 Chloroform 0:10 

4 THF 3:7 

 

Unfortunately, due to the similar polarity between codeine and 1-bromocodeine, isolation of the 

product could not be achieved using column chromatography. Codeine and 1-bromocodeine have 

very similar Rf. As a result, additional optimization was needed to ensure complete conversion.  

Table II.3 Optimization of NBA (eq.) for the preparation of 1-bromocodeine* 

Entry  NBA (eq.)  1-bromocodeine : Codeine 

1 1.05  7:3 

2 1.08  8:2 

3 1.10  7:3 

4 1.12  6:4 

5 1.50  3:7 

6 2.00  0:0 

* The reaction was conducted in THF 

 

 

Results in Table II.3 show that NBA loading plays a critical role. The difference in NBA loading 

between entries 4 and 5 is bigger than that between previous entries. It should be noted, however, 

that additional experiments were conducted and only selected entries were shown in Table II.3. 
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The bromination reactionôs conversion ratio was improved from 3:7 to 8:2 (Table II.3, entry 2). At 

this point, the impact of TFAA loading and temperature was investigated to further optimize the 

reaction conditions. In the absence of TFAA, no reaction takes place (Table II.4, entry 1). Overall, 

increasing the amount of TFAA from 0.4 to 1.0 equivalent, afforded the desired product in 41% 

(Table II.4, entry 7). 

Table II.4 Optimization of TFAA loading for the preparation of 1-bromocodeine* 

Entry  TFAA (eq.) 1-bromocodeine : Codeine Yield %  

1 0.0 0:10  0 

2 0.3 8:2  N/A 

3 0.4 7:3  N/A 

4 0.6 8:2  N/A 

5 0.7 9:1  N/A 

6 0.8 10:0  40 

7 1.0 10:0  41 

8 1.2 10:0  33 

               *The reaction was conducted in THF and using 1.08 eq. of NBA 

 

The effect of the temperature was then investigated to further optimize the reaction conditions 

(Table II.5). Lowering the temperature to 0 oC and allowing it to increase to 15 oC afforded 1-

bromocodeine in 48% (Table II.5, entry 3). 
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Table II.5 Optimization of temperature for the preparation of 1-bromocodeine 

Entry  Temp. (oC) 1-bromocodeine : Codeine Yield %  

1 0 to 5  10:0 41 

2 0 to 10 8:2 N/A 

3 0 to 15 10:0 48 

4 10 to 15 8:2 N/A 

5 20 8:2 N/A 

6 40 6:4 N/A 

 

The next step was to optimize the reaction time. It has been established that leaving the reaction 

for 24 hours improved the conversion ratio from the initial 3:7 to 9:1 (1-bromocodeine to codeine) 

(Table II.6, entry 4). 

Table II.6 Optimization of time for the preparation of 1-bromocodeine*  

Entry  Time 1-bromocodeine : Codeine 

1 3h 3:7 

2 4h 8:2 

3 5h 8:2 

4 24h 9:1 

      *The reaction was conducted in THF and using 1.08 eq. of NBA 

 

Since the mode of the NBA's addition played a significant role in the bromination reaction, we 

examined the slow addition of NBA N-bromoacetamide loading has also proven to significantly 

alter the conversion ratio and product yield. Gratifyingly, after a few attempts on portionwise 

addition of NBA to the reaction (Table II.7, entry 2&3), an optimal result was obtained when NBA 
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(1.08 eq.) was added in three portions over the period of one hour from 0 oC to 5 oC (Table II.7, 

entry 5).  

Table II.7 Optimization of NBA addition for the preparation of 1-bromocodeine 

Entry  NBA Addition  1-bromocodeine : Codeine 

1 1 portion 9:1 

2 2 portions 9:1 

3 3 portions 7:3 

4 Dropwise 5:5 

5 3 portions* 10:0 

* First portion was added (0.8 eq.) at 0 oC; second and third portions (0.14 eq. each) were added at 2.5 oC and 5 oC           

respectively in 30 min intervals 

 

Other bromination reagents (NBS and Br2) were tested using optimized conditions in the 

presence of TFAA. These reactions did not proceed to completion, and the conversion ratio was 

7:3 (1-bromocodeine to codeine).  

Using optimized conditions, 1-bromocodeine (UOIT -3) was prepared in 81% yield on a 100 mg 

and 2-gram scale (Scheme II.1). This procedure is the first novel procedure since 1925.  
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Scheme II.1 Optimized reaction condition for bromination of codeine 

 

To confirm the structure of 1-bromocodeine, the vapor diffusion technique was used for 

crystallization.  A variety of solvents and co-solvents with different concentrations were tested. 

We were pleased to collect 1-bromocodeine single crystal using methanol as a solvent and distilled 

water as a co-solvent (figureII.1). 

 

Figure II.1 Crystal structure of 1-bromocodeine 
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II.2 Expansion of the Reaction Scope 

The substrate scope of the developed methodology was evaluated with six codeine derivatives 

(Figure II.2). 6-O-tert-butyldiphenylsilylcodeine and 6-O-tert-butyldimethylsilyl codeine were 

synthesized using a procedure reported by Davies and colleagues (Scheme II.2). [5] 

 

Scheme II.2 Preparation of  UOIT -1 and UOIT-2 
 

 

A procedure developed for N-demethylation of morphine by Matsko and co-workers was used to 

synthesize N-cyano-6-O-acetylcodeine. [6] The acetylation of codeine produced 6-acetylcodeine, 

which was treated with cyanogen bromide to afford N-cyano-6-O-acetylcodeine (Scheme II.3). 
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Scheme II.3 Preparation of UOIT-8 

 

Codeinone has been conveniently prepared by the oxidation of codeine promoted by 1.4 

equivalents of DessïMartin periodinane at room temperature (Scheme II.4). The preparation of 6-

phthalimidecodine was accomplished by the Mitsunobu reaction, as shown in Scheme II.5. [7] 

 

Scheme II.4 Preparation of Codeinone 

 

 

 

Scheme II.5 Preparation of UOIT-19 
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Codeine derivatives bearing silyl ether groups reacted favourably to yield the desired products 

UOIT -4 and UOIT -5 in 80% and 61% yield, respectively. When N-cyano-6-O-acetylcodeine was 

submitted to the reaction conditions, UOIT -9 was observed in 94% yield. Codeinone and 6-

phthalimidecodine furnished the corresponding bromo derivatives UOIT -13 and UOIT -14 in 

good yields. It should be noted that UOIT -14 was a valuable synthetic intermediate for the 

preparation of MP1104, which was found to be a dual kappa-delta opioid receptor agonist in a 

recent study.[7] The scope of this reaction was further expanded when N-methylcyclopropene-6-

O-tert-butyldiphenylsilylcodeine was successfully converted to the corresponding product UOIT -

24 in 89 % yield. 

 

Figure II.2 Substrate scope of bromination of codeine derivatives 
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II.3 Proposed Mechanism 

A plausible electrophilic aromatic substitution reaction mechanism is as follows (Scheme II.7). 

The electron-rich aromatic ring reacts with NBA, which leads to a nucleophilic attack on TFAA, 

and a final deprotonation step restores aromaticity. 1-bromocodeine is only observed when the 

reaction is performed in the dark, which supports a non-radical mechanism. 

 

Scheme II.7 Plausible Reaction Mechanism 
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II.4 Experimental Procedure  

All bromination reactions were performed in the dark and under the atmosphere of nitrogen. 

Reaction flasks were dried in the oven and cooled under nitrogen. Reagents and materials were 

obtained from commercial sources without further purification unless otherwise stated. Reaction 

progress was monitored by TLC on glass-backed silica gel (60 ¡, 250 ɛm thickness, F254 

indicator) with visualization under 254 nm ultraviolet light and staining by potassium 

permanganate (KMnO4). NMR data were collected at 25  using a Bruker Avance III HD 

spectrometer in deuterated solvents (CDCl3 and MeOD were obtained from Cambridge Isotope 

Laboratories, Inc., Andover, MA, USA). 1H and 13C[1H] were collected at 400 and 100 MHz, 

respectively, with chemical shifts expressed as ppm. NMR spectra were obtained using a Bruker 

Ascend 400 spectrometer, in CDCl3 with tetramethylsilane (TMS) as the internal standard. The 

chemical shifts were reported in parts per million (ppm) and on the ŭ scale from tetramethylsilane 

(TMS) as an internal standard. The coupling constants J are quoted in Hertz (Hz). NMR data were 

processed using Bruker TopSpin 4.0.5. FT-IR spectra were recorded on a Bruker ALPHA-P 

spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of 

frequency of absorption (cm-1) and only partial data is provided. IR spectra were processed with 

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). Auto-mated flash 

chromatography was conducted using a Biotage Isolera flash chromatography system using silica 

gel (60 Å, low acidity, obtained from SiliCycle, Quebec City, QC, Canada) and reagent grade 

solvents. Structures were drawn with ChemDraw Professional 17.1. 
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II.4.1 General Procedure for Bromination of Codeine and Codeine Derivatives Reaction  

The reaction flask was wrapped with aluminum foil. To a solution of codeine (6.681 mmol) in 

anhydrous THF (12 ml) was added TFAA (6.681 mmol). The reaction mixture was cooled to 0 oC 

and stirred for 5 minutes. The first portion of NBA (5.344 mmol) was added. The reaction was 

allowed to warm up to 2.5 oC over 30 minutes and then the second portion of NBA (0.935 mmol) 

was added to the mixture. The reaction was allowed to warm up to 5 oC over 30 minutes and then 

the third portion of NBA (0.935 mmol) was added. Subsequently, the mixture was allowed to warm 

up to 15 oC over 1h and was stirred for 24h at 15 oC. Upon consumption of the starting material, 

the reaction was quenched with water (1 x 15 ml). The product was extracted with chloroform (3 

x 15 ml). Organic layers were combined, washed with water (1 x 15 ml), dried over MgSO4, 

fi ltered and concentrated in vacuo. Purification of the crude product was performed using flash 

chromatography with MeCN/NH4OH (25:2). 
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(4R,4aR,7S,7aR,12bS)-11-bromo-9-methoxy-3-methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-ol (UOIT -3).  

 

 

 

 

Codeine (6.681 mmol) and NBA (7.215 mmol) in anhydrous THF (12 ml) following general 

procedure. The reaction was worked up and purified as described above to yield UOIT -3 as a pale-

yellow powder (2.047 g, 81% yield):1H-NMR (400 MHz, CDCl3): ŭ  6.88 (s, 1H), 5.78-5.71 (m, 

1H), 5.30 (td, J = 2.7, 9.8 Hz, 1H), 4.92 (dd, J =  1.3, 6.5 Hz, 1H), 4.21 (dd, J =  2.2, 6.4 Hz, 1H), 

3.85 (s, 3H, OMe), 3.47 (dd, J =  3.2, 6.1 Hz, 1H), 2.93 (d, J =  19.1 Hz, 1H), 2.76-2.70 (m, 1H), 

2.66 (dd, J =  4.4, 12.2 Hz, 1H), 2.50 (s, 3H, NMe), 2.39 (dt, J =  3.4, 12.3 Hz, 1H), 2.23 (dd, J =  

6.4, 19.1 Hz, 1H), 2.16-2.06 (m, 1H), 1.94-1.85 (m, 1H); 13C-NMR (101 MHz, CDCl3) ŭ 143.1, 

133.7, 132.3, 127.9, 115.8, 113.0, 91.6, 77.4, 77.0, 76.7, 66.3, 58.9, 56.4, 46.3 (NMe), 43.4, 43.0 

(OMe), 40.4, 35.6, 22.1. HRMS calcd. for C18H20BrNO3. [M+1]+ 378.2603 found 378.0696.  
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(4aR,7S,7aR,12bS)-11-bromo-7-((tert-butyldimethylsilyl)oxy)-9-methoxy-3-methyl-

2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -4). 

 

 

 

 

The title compound was prepared from compound 8. (0.604 mmol) and NBA (0.653 mmol) in 

anhydrous THF (1.2 ml) following general procedure. The reaction was worked up and purified as 

described above to yield UOIT -4 as a pale-yellow powder (0.240 g, 80% yield): 1H-NMR (400 

MHz, CDCl3): ŭ 6.85 (s, 1H), 5.71-5.65 (m, 1H), 5.27 (td, J =  2.8, 9.8 Hz, 1H), 4.73 (dd, J =  1.2, 

6.1 Hz, 1H), 4.28 (dt, J =  2.4, 5.7 Hz, 1H), 3.86 (s, 3H, OMe), 3.42 (dd, J =  3.2, 6.1 Hz, 1H), 2.91 

(d, J =  19.1 Hz, 1H), 2.71-2.64 (m, 1H), 2.60 (dd, J =  4.2, 12.2 Hz, 1H), 2.47 (s, 3H, NMe), 2.37 

(dt, J =  3.5, 12.3 Hz, 1H), 2.19 (dd, J =  6.4, 18.8 Hz, 1H), 2.09-1.98 (m, 1 H), 1.92-1.81 (m, 1H), 

0.99-0.90 (m, 9H, Si(Me)2
tBu), 0.21-0.10 (m, 6H, Si(Me)2

tBu); 13C-NMR (101 MHz, CDCl3) ŭ 

147.3, 142.9, 134.2, 132.6, 127.7, 126.6, 117.3, 111.9, 92.5, 68.3, 58.9, 57.1, 46.3 (NMe), 43.8, 

43.1 (OMe), 40.8, 35.9, 25.9, 22.1, 18.4. HRMS calcd. for C24H34BrNO3Si. [M+1]+ 492.5211 

found 492.1564. 
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 (4aR,7S,7aR,12bS)-11-bromo-7-((tert-butyldiphenylsilyl)oxy)-9-methoxy-3-methyl-

2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -5).    

 

 

 

 

The title compound was prepared from compound 9 (0.188 mmol) and NBA (0.203 mmol) in 

anhydrous THF (0.4 ml) following general procedure. The reaction was worked up and purified as 

described above to yield UOIT -4 as a pale-yellow oil (0.070 g, 61% yield): IR (Diamond-ATR) ɜ 

2801-2929, 1107, 739, 701;  1H-NMR (400 MHz, CDCl3): ŭ 7.88-7.76 (m, 2H, Si(Ph)2
tBu), 7.76-

7.65 (m, 2H, Si(Ph)2
tBu), 7.51-7.34 (m, 6H, Si(Ph)2

tBu), 6.89 (s, 1H), 5.81-5.63 (m, 1H), 5.19 (td, 

J =  2.7, 9.8 Hz, 1H), 4.45 (dd, J =  1.2, 6.1 Hz, 1H), 4.23 (dd, J =  3.2, 5.9 Hz, 1H), 3.94 (s, 3H, 

OMe), 3.34 (dd, J =  3.2, 6.1 Hz, 1H), 2.87 (d, J =  19.1 Hz, 1H), 2.57-2.44 (m, 2H), 2.42 (s, 3H, 

NMe), 2.31 (d, J =  4.4 Hz, 1H), 2.17 (dd, J =  6.2, 19.0 Hz, 1H), 1.86-1.59 (m, 2H), 1.22-1.11 (m, 

9H, Si(Ph)2
tBu); 13C-NMR (101 MHz, CDCl3) ŭ 147.6, 143.0, 135.9, 135.8, 134.8, 133.8, 133.8, 

133.6, 132.8, 129.8, 129.8, 127.8, 127.7, 127.7, 117.6, 111.8, 92.2, 77.3, 77.2, 77.0, 76.7, 68.9, 

58.8, 57.4, 46.2 (NMe), 43.7, 43.1 (OMe), 40.6, 35.6, 26.9, 22.1, 19.4. HRMS calcd. for 

C34H38BrNO3Si. [M+1]+ 616.6599 found 616.1876. 
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(4aR,7S,7aR,12bS)-11-bromo-3-cyano-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-  

methanobenzofuro[3,2-e]isoquinolin-7-yl acetate (UOIT -9).  

 

 

 

The title compound was prepared from compound 10 (0.284 mmol) and NBA (0.307 mmol) in dry 

THF (0.64 mL) following general procedure. The reaction was worked up and purified as 

described above to yield UOIT -9 as a pale-yellow powder (0.115 g, 94% yield): 1H-NMR (400 

MHz, CDCl3): ŭ 6.92 (s, 1H), 5.81-5.73 (m, 1H), 5.40 (td, J =  2.4, 10.1 Hz, 1H), 5.22-5.15 (m, 

1H), 5.11 (dd, J =  0.9, 7.0 Hz, 1H), 4.11 (dd, J =  3.7, 5.6 Hz, 1H), 3.85 (s, 3H, OMe), 3.37-3.28 

(m, 1H), 3.21 (dt, J =  3.9, 12.7 Hz, 1H), 3.00 (d, J =  19.3 Hz, 1H), 2.92-2.82 (m, 1H), 2.75 (dd, 

J =  6.1, 19.1 Hz, 1H), 2.12 (s, 3H, CO2Me), 2.14-2.06 (m, 1 H), 1.95 (dd, J =  2.4, 13.2 Hz, 1H); 

13C-NMR (101 MHz, CDCl3) ŭ 170.4 (CO2Me), 146.3, 143.7, 130.4, 130.0, 126.5, 124.2, 117.4, 

117.4, 113.0, 87.7, 77.4, 77.1, 76.7, 66.9, 57.2, 56.7, 43.3, 42.5 (OMe), 38.6, 33.8, 30.1, 20.7, 0.0. 

HRMS calcd. for C20H19BrN2O4. [M+1]+ 431.2798 found 431.0605. 
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 (4aR,7aR,12bS)-11-bromo-9-methoxy-3-methyl-2,3,4,4a-tetrahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7(7aH)-one (UOIT -13). 

 

 

 

 

 The title compound was prepared from compound 11 (0.336 mmol) and NBA (0.363 mmol) in 

anhydrous THF (0.67 ml) following general procedure. The reaction was worked up and purified 

as described above to yield UOIT -13 as a pale yellow powder (0.076 g, 60% yield): IR (Diamond-

ATR) ɜ 2842-2922, 1721, 1106;  1H NMR (400 MHz, CDCl3) ŭ 6.89 (s, 1 H), 6.63 (dd, J =  1.8, 

10.1 Hz, 1 H), 6.10 (dd, J =  2.9, 10.3 Hz, 1 H), 4.72 (s, 1 H), 3.84 (s, 3 H, OMe), 3.56 - 3.48 (m, 

1 H), 3.30 - 3.23 (m, 1 H), 3.02 (d, J =  18.8 Hz, 1 H), 2.66 (dd, J =  4.0, 11.9 Hz, 1 H), 2.49 (s, 3 

H, NMe), 2.34 - 2.05 (m, 3 H), 1.90 - 1.81 (m, 1 H) ;13C-NMR (101 MHz, CDCl3) ŭ 193.9 (CO), 

148.5, 144.6, 143.6, 132.8, 130.4, 117.5, 113.2, 88.3, 77.4, 77.2, 77.0, 76.7, 59.0, 56.9, 46.6 (NMe), 

43.7, 42.9 (OMe), 41.0, 33.8, 21.9, 0.0. HRMS calcd. for C18H18BrNO3. [M+1]+ 376.2444 found 

376.0489. 
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2-((4aR,7R,7aR,12bS)-11-bromo-9-methoxy-3-methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-yl)isoindoline-1,3-dione (UOIT -14).  

  

 

 

 

The title compound was prepared from UOIT -19 (0.233 mmol) and NBA (0.252 mmol) in dry 

THF (0.5 mL) following general procedure. The reaction was worked up and purified as described 

above to yield UOIT -14 as a pale-yellow powder (0.081 g, 68% yield). IR (Diamond-ATR) ɜ 

2926, 1706, 1096;   1H-NMR (400 MHz, CDCl3): ŭ 7.98-7.63 (m, 4H, Ph), 6.94 (s, 1H), 5.69 (d, 

J =  10.0 Hz, 1H), 5.62-5.50 (m, 1H), 5.12-5.04 (m, 1H), 4.91-4.80 (m, 1H), 3.90 (s, 3H, OMe), 

3.62-3.49 (m, 1H), 3.01 (s, 1H), 3.06 (s, 1H), 2.59 (s, 3H, NMe), 2.44-2.37 (m, 1H), 2.35 (d, J =  

5.6 Hz, 1H), 1.79 (br. s., 1H), 1.28 (d, J =  6.1 Hz, 1H); 13C-NMR (101 MHz, CDCl3) ŭ 167.4, 

143.9, 134.2, 134.2, 131.9, 127.1, 123.4, 116.7, 112.7, 91.1, 77.4, 77.2, 77.0, 76.7, 59.4, 56.8, 50.8, 

47.2, 45.0 (NMe), 42.8 (OMe), 35.7, 21.9. HRMS calcd. for C26H23BrN2O4. [M+1]+ 507.3758 

found 507.0898. 
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 (4aR,7S,7aR,12bS)-11-bromo-7-((tert-butyldiphenylsilyl)oxy)-3-(cyclopropylmethyl)-9-

methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -24).  

 

 

 

 

The title compound was prepared from UOIT -18 (0.039 mmol) and NBA (0.042 mmol) in 

anhydrous THF (0.08 ml) following general procedure. The reaction was worked up and purified 

as described above to yield UOIT -24 as a pale-yellow powder (0.023 g, 89% yield): IR (Diamond-

ATR) ɜ 2851-2933, 1105, 740, 695;  1H-NMR (400 MHz, CDCl3): ŭ 7.87-7.78 (m, 2H, 

Si(Ph)2
tBu), 7.77-7.64 (m, 2H, Si(Ph)2

tBu), 7.53-7.35 (m, 6H, Si(Ph)2
tBu), 6.89 (s, 1H), 5.80-5.68 

(m, 1H), 5.20 (td, J =  2.7, 9.8 Hz, 1H), 4.49-4.41 (m, 1H), 4.26-4.18 (m, 1H), 3.94 (s, 3H, OMe), 

3.66 (d, J =  1.7 Hz, 1H), 2.82-2.70 (m, 2H), 2.47 (br. s., 1H), 2.45-2.35 (m, 1H), 2.31-2.22 (m, 

2H), 2.17 (dd, J =  6.1, 18.6 Hz, 2H), 1.87-1.57 (m, 3H), 1.18-1.05 (m, 9H, Si(Ph)2
tBu), 0.94-0.73 

(m, 1H), 0.54 (d, J =  7.8 Hz, 2H), 0.16 (d, J =  4.4 Hz, 2H); 13C-NMR (101 MHz, CDCl3) ŭ 142.9, 

137.4, 135.9, 135.8, 133.7, 129.8, 127.6, 117.6, 114.7, 111.8, 106.4, 92.4, 77.3, 77.2, 76.7, 69.1, 

59.9, 57.4, 56.2, 55.3, 46.2 (NMe), 44.7 (OMe), 26.9, 26.6, 22.7, 19.6, 19.4, 18.1, 16.6, 3.9, 3.7. 

HRMS calcd. for C37H42BrNO3Si. [M+1]+ 656.7237 found 656.2179. 
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(4aR,7S,7aR,12bS)-7-((tert-butyldimethylsilyl)oxy)-9-methoxy-3-methyl-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -1).  

 

 

 

The title compound was prepared from codeine following Davies procedure. [5]  Isolated as (0.4677 

g, 67%yield): 1H-NMR (400 MHz, MeOH-d4): ŭ 6.66 (d, J = 8.1 Hz, 1 H), 6.52 (d, J = 8.3 Hz, 1 

H), 5.58 - 5.65 (m, 1 H), 5.33 (dt, J = 9. 8, 2.7 Hz, 1 H), 4.75 (dd, J =  6.4, 1.22 Hz, 1 H), 4.37 (td, 

J =  5.8, 2. 5 Hz, 1 H), 3.86 (s, 3 H, OMe), 3.46 (dd, J =  6.1, 3.2 Hz, 1 H), 3.09 (d, J =  18.8 Hz, 

1 H), 2.67 - 2.75 (m, 2 H), 2.66 (d, J =  4.4 Hz, 1 H), 2.51 (s, 3 H, NMe), 2.36 - 2.48 (m, 1 H), 2.11 

(td, J =  12. 8, 5.01 Hz, 1 H), 1.74 - 1.88 (m, 1 H), 0.93 - 1.01 (m, 9H, Si(Me)2
tBu), 0.11 - 0.23 (m, 

6H, Si(Me)2
tBu), 13C-NMR (101 MHz, MeOH-d4) ŭ 147.3, 142.9, 134.2, 132.6, 127.7, 126.6, 

117.3, 111.9, 92.5, 68.3, 58.9, 57.1, 46.3 (NMe), 43.8, 43.1 (OMe), 40.8, 35.9, 25.9, 22.1, 18.4. 
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 (4aR,7S,7aR,12bS)-7-((tert-butyldiphenylsilyl)oxy)-9-methoxy-3-methyl-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -2).  

 

 

 

 

The title compound was prepared from codeine following a literature procedure. [5]  Isolated as 

(0.305 g, 85% yield): IR (Diamond-ATR) ɜ 2854-2928, 1102, 740, 700; 1H-NMR (400 MHz, 

MeOH-d4): ŭ ppm 7.79 - 7.90 (m, 2 H, Si(Ph)2
tBu), 7.61 - 7.75 (m, 2 H, Si(Ph)2

tBu), 7.26 - 7.55 

(m, 6 H, Si(Ph)2
tBu), 6.69 (d, J =  8.1 Hz, 1 H), 6.52 (d, J =  8.1 Hz, 1 H), 5.58 - 5.73 (m, 1 H), 

5.24 (dt, J = 9.8, 2.69 Hz, 1 H), 4.47 (dd, J =  6.1, 1.2 Hz, 1 H), 4.25 - 4.36 (m, 1 H), 3.92 (s, 3 H, 

OMe), 3.04 (d, J =  18.8 Hz, 1 H), 2.55 (dd, J =  12.47, 4.16 Hz, 1 H), 2.46 - 2.50 (m, 2 H), 2.42 

(3, 3 H, NMe), 2.39 (m, 1 H), 1.82 (td, J =  12.72, 5.14 Hz, 1 H), 1.57 - 1.73 (m, 1 H), 1.04 - 1.17 

(s, 9 H, Si(Ph)2
tBu).13C-NMR (101MHz, MeOH-d4) ŭ 147.9, 135.6, 135.5, 133.7, 133.0, 131.0, 

129.6, 129.5, 127.6, 127.4, 127.2, 118.7, 115.5, 91.7, 69.1, 58.7, 48.3, 48.2, 48.0, 47.8, 47.6, 47.4, 

47.2, 47.0, 45.9 (NMe), 42.9 (OMe), 41.6, 39.9, 34.9, 26.0, 20.3, 18.8.  HRMS calcd. for 

C34H39NO3Si. [M+1]+ 537.7638 found 538.3089. 
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(4aR,7S,7aR,12bS)-3-cyano-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-yl acetate (UOIT -8).  

 

 

 

 

The title compound was prepared from codeine following a literature procedure. [6]  Isolated as 

(0.389 g, 83% yield): 1H-NMR (400 MHz, MeOH-d4): ŭ 6.77 (d, J =  8.3 Hz, 1 H), 6.64 (d, J =  

8.3 Hz, 1 H), 5.73 - 5.66 (m, 1 H), 5.54 - 5.47 (m, 1 H), 5.24 - 5.17 (m, 1 H), 5.09 (dd, J =  0.7, 

7.1 Hz, 1 H), 4.13 (t, J =  4.3 Hz, 1 H), 3.86 (m, 1 H), 3.84 (s, 3 H, OMe), 3.28 - 3.17 (m, 1 H), 

3.09 - 2.98 (m, 2 H), 2.98 - 2.92 (m, 2 H), 2.20 (dt, J =  5.6, 12.8 Hz, 1 H), 2.13 (s, 3 H, CO2Me), 

1.87 (dd, J =  2.3, 13.1 Hz, 1 H). 13C-NMR (101 MHz, MeOH-d4) ŭ 146.7, 142.7, 129.3, 126.8, 

125.0, 119.6, 114.7, 87.4, 67.2, 57.4, 55.9, 48.2, 48.1, 48.0, 47.8, 47.6, 47.4, 47.2, 47.0, 43.3 

(OMe), 41.6, 38.5, 33.5, 28.0, 19.2.  
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(4aR,7aR,12bS)-9-methoxy-3-methyl-2,3,4,4a-tetrahydro-1H-4,12-methanobenzofuro[3,2-

e]isoquinolin-7(7aH)-one (Codeinone).  

 

 

The title compound was prepared from codeine.[7] Isolated as (0.141 g, 96% yield): 1H-NMR (400 

MHz , CDCl3): ŭ ppm 6.72 - 6.50 (m, 2 H), 6.09 (dd, J =  2.8, 10.1 Hz, 1 H), 4.70 (s, 1 H), 3.85 (s, 

3 H, OMe), 3.46 - 3.35 (m, 1 H), 3.24 - 3.16 (m, 1 H), 3.11 (d, J =  18.6 Hz, 1 H), 2.61 (dd, J =  

4.2, 12.2 Hz, 1 H), 2.46 (s, 3 H, NMe), 2.37 - 2.22 (m, 2 H), 2.07 (dt, J =  5.0, 12.3 Hz, 1 H), 1.90 

- 1.79 (m, 1 H). 13C NMR (126MHz ,MeOH-d4) ŭ = 195.4 (CO), 149.8, 144.8, 142.4, 131.6, 131.6, 

128.9, 126.1, 119.9, 115.1, 88.0, 58.8, 56.1, 48.1, 47.9, 47.9, 47.7, 47.7, 47.7, 47.6, 47.6, 47.5, 

47.5, 47.4, 47.4, 47.2, 47.1, 46.5 (NMe), 42.8 (OMe), 41.5, 40.5, 32.9, 20.3. 
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2-((4aR,7R,7aR,12bS)-9-methoxy-3-methyl-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-yl)isoindoline-1,3-dione (UOIT -19). 

 

 The title compound was prepared from codeine. [7] Isolated as (0.128 g, 45% yield): 1H NMR (400 

MHz , CDCl3): ŭ ppm 7.95 - 7.74 (m, 2 H, Ph), 7.74 - 7.57 (m, 2 H, Ph), 6.72 (d, J =  8.1 Hz, 1 

H), 6.62 (d, J =  8.3 Hz, 1 H), 5.69 (d, J =  10.0 Hz, 1 H), 5.52 (dd, J =  4.6, 9.0 Hz, 1 H), 5.05 (s, 

1 H), 4.88 (d, J =  2.7 Hz, 1 H), 3.89 (s, 3 H, OMe), 3.56 - 3.40 (m, 2 H), 3.35 (br. s., 1 H), 3.07 

(d, J =  18.3 Hz, 1 H), 2.65 (d, J =  9.5 Hz, 1 H), 2.50 (s, 3 H, NMe), 2.45 - 2.16 (m, 2 H), 1.76 (d, 

J =  9.8 Hz, 1 H), 1.26 (d, J =  6.1 Hz, 1 H). 13C-NMR (101 MHz, CDCl3) ŭ 167.4, 143.9, 134.2, 

134.2, 131.9, 127.1, 123.4, 116.7, 112.7, 91.1, 77.4, 77.2, 77.0, 76.7, 59.4, 56.8, 50.8, 47.2, 45.0 

(NMe), 42.8 (OMe), 35.7, 21.9 
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 (4aR,7S,7aR,12bS)-7-((tert-butyldiphenylsilyl)oxy)-3-(cyclopropylmethyl)-9-methoxy-

2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -8).  

 

 

 

 

The title compound was prepared from UOIT -2 following Matsko procedure. [6] Isolated as a pale 

yellow powder (0.163 g, 96% yield): IR (Diamond-ATR) ɜ 2851-2933, 1105, 740, 695; 1H NMR 

(400 MHz , CDCl3): ŭ 7.81 (dd, J =  1.5, 7.8 Hz, 2 H, Si(Ph)2
tBu), 7.71 - 7.63 (m, 2 H, Si(Ph)2

tBu), 

7.48 - 7.31 (m, 6 H, Si(Ph)2
tBu), 6.66 (d, J =  8.1 Hz, 1 H), 6.46 (d, J =  8.3 Hz, 1 H), 5.72 (d, J =  

9.8 Hz, 1 H), 5.19 (td, J =  2.7, 9.8 Hz, 1 H), 4.47 - 4.40 (m, 1 H), 4.21 (dd, J =  2.9, 5.6 Hz, 1 H), 

3.94 (s, 3 H, OMe), 2.98 - 2.85 (m, 3 H), 2.39 (d, J =  6.8 Hz, 2 H), 2.30 (d, J =  7.1 Hz, 3 H), 1.74 

(br. s., 2 H), 1.11 (s, 9 H, Si(Ph)2
tBu), 0.51 (d, J =  7.6 Hz, 2 H), 0.12 (d, J =  4.9 Hz, 2 H). 13C 

NMR (126MHz ,METHANOL-d4) d = 147.9, 142.0, 135.6, 135.5, 133.7, 133.5, 132.9, 131.1, 

129.6, 129.5, 127.4, 127.3, 118.7, 115.4, 91.8, 69.1, 59.1, 56.7, 56.1, 48.1, 47.9, 47.7, , 47.6, 47.5, 

47.4, 47.1, 44.6, 43.5 (OMe), 26.0, 20.8, 18.8, 8.0, 3.2, 2.8  HRMS calcd. for C37H43NO3Si. [M+1]+ 

577.8277 found 578.3099. 
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Chapter III  

Synthesis of Natural Product Bismorphine A 

 

Introduction  
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III.1 Proposed Synthesis of Bismorphine A  

Our proposed synthesis of bismorphine A commences with the preparation of halogenated codeine 

as a starting material, followed by a cross-coupling reaction to prepare the intermediate biscodeine 

A using various methods. Finally, the demethylation of biscodeine A with boron tribromide would 

potentially yield bismorphine A (Scheme III.1). 

 

Scheme III.1 Proposed retrosynthesis of bismorphine A 

 

Following the above synthesis plan, the preparation of bismorphine A commenced with an attempt 

to halogenate codeine. To accomplish this transformation, a methodology reported by Liebman 
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and colleagues in 1978 was used where codeine is treated with chloramine T and sodium iodide 

(Scheme III.2).[1] Unfortunately, the reported methodology did not yield the desired product (Table 

III.1). 

 

Scheme III.2 Synthesis of 1-iodocodeine 

 

Moving forward, the bromination of codeine was targeted instead. To synthesize 1-bromocodeine, 

a methodology developed in chapter II for the bromination of codeine was used (Scheme II.1). To 

avoid undesired side reactions in subsequent steps, it has been decided to use 6-O-tert-

butyldimethylsilyl-1-bromocodeine (UOIT -4) and 6-O-tert-butyldiphenylsilyl-1-bromocodeine 

(UOIT -5) instead of 1-bromocodeine (Figure II.2). 

Table III.1 Unsuccessful optimization of iodination of codeine 

Entry  Tem. (oC) Time Condition 

1 rt 12min Air 

2 rt 12min Air  

3 50 24h Air  

4 50 24h Under Argon 
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III.2 Stille Coupling  

At this point, Stille coupling was considered. Based on previous reports on the preparation of 

codeine derivatives, Stille coupling was a robust organometallic transformation for the formation 

of carbon-carbon bonds. [2]  Firstly, had to be prepared organotin derivative. The synthesis of 6-O-

tert-butyldimethylsilyl-1-tributyltincodeine was accomplished in 66% yield via lithium-halogen 

exchange and subsequent treatment of organolithium intermediate with tributyltin chloride 

(Scheme III.3). [2] 

 

Scheme III.3 Synthesis of 6-O-tert-butyldimethylsilyl -1-tributyltincodeine (14) 

 

After successfully synthesizing 6-O-tert-butyldimethylsilyl-1-tributyltincodeine (14), Stille 

coupling was performed. In our first attempt, a catalytic amount of palladium acetate was used 

(Scheme III.4). However, the desired product formation was not observed. Despite the fact that 

the stoichiometric amount of palladium zero was tried next, the Stille coupling reaction did not 

yield the desired dimer (Scheme III.4). 6-O-tert-butyldimethylsilyl-1-tributyltincodeine (14) 

contains a bulky ortho-substituent and electron-donating substituent, both of which may retard 

oxidative palladium addition. 
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Scheme III.4 Synthesis of biscodeine A via Stille coupling 

 

III.3 Homocoupling   

Since bismorphine A is a symmetrical compound, our next approach was the homocoupling of 1-

bromocodeine coupling was attempted using palladium, and nickel-based catalysts, in combination 

with commercially available ligands (Table III.2 & III.3). [3-9] 
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Scheme III.5 Synthesis of biscodeine A via homocoupling 

 

Table III.2 Unsuccessful homocoupling using palladium catalysts 

Entry  Pd catalyst Ligand Additive Solvent 

1 Pd(OAc)2 - K2CO3 Poly(ethylene glycol) 

2 Pd(dba)2 - 1.0M TBAF in THF DMF 

3 Pd(OAc)2 As(O-tol)3 HQ/Cs2CO3 DMA 

4 Pd(OAc)2 Xantphos K2CO3 Toluene 

5 Pd(PPh3)4 - K2CO3/Ferrocene Dioxane/H2O 

6 Pd(dppf)Cl2 - Cs2CO3 DMSO 

 

A direct dimerization of 1-bromocodeine in PEG (poly (ethylene glycol)) was performed (Table 

III.2, entry 1).[4] The terminal hydroxy group in PEG was reported to act as a reductant (Scheme 

III.5).[4] As illustrated in Scheme III.5, the alcohol gets oxidized to the aldehyde by PdII. 

Unfortunately, only the hydrodehalogenation product was generated (Table III.2, entry 1). The 

fluoride-mediated homocoupling of aryl bromides catalyzed by palladium(0) protocol was 

reported to tolerate the electron-donating and ortho-substituents on aryl halide.[3]  However, the 

reaction did not proceed in the presence of TBAF as a fluoride source (Table III.2, entry 2). 

Unfortunately, the desired homocoupling product was not observed, under various conditions 

(Table III.2, entry 3-6).  
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Scheme III.6 Mechanism of Pd-catalyzed homocoupling of aryl halide in the 

presence of PEG as a reductant. [4] 

 

Nickel-catalyzed homocoupling reaction received substantial attention due to the fact that it 

proceeds under very mild conditions compared to classical Ullman coupling. An efficient 

homocoupling of aryl halides using a zinc-activated nickel complex in the presence of 

tetraethylammonium iodide (Et4NI) was reported by Iyoda and colleagues.[9] 
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Table III.3 Homocoupling using nickel catalyst 

Entry  Ni catalyst Ligand Additive 

1 NiBr2(PPh3)2  

 

--- Zn(1.5eq)/  Me4NI(0.3eq) 

2 NiBr2(dimethoxy ethane)  Diazabutadiene 

 

Zn(0.75eq)/ Me4NI(0.5eq 

3 NiBr2(dimethoxy ethane)  Diazabutadiene 

 

Zn(0.75eq)/ Et4NI(0.5eq) 

4 NiBr2(h3)2 

 

cataCXium Zn(3.0eq)/  Et4NI(0.2eq) 

5 NiBr2(PPh3)2 

 

Xphos Zn(1.0eq)/ Et4NI(1.0eq) 

6 NiBr2(PPh3)2 

 

P(o-Tol)3 Zn(1.0eq)/ Et4NI(1.0eq) 

7 NiBr2(PPh3)2 

 

TTBP.HBF4 Zn(1.0eq)/ Et4NI(1.0eq) 

 

Nickel-catalyzed coupling reactions involve the oxidation addition of aryl halide (1) followed by 

zinc-mediated reduction of NiII to NiI (2) (Scheme III.7). Second oxidative addition of NiI to aryl 

halide (3) and subsequent reductive elimination to form a dimer (4) (Scheme III.7). Regrettably, 

only hydrodehalogenation product was observed after multiple attempts (Table III.3). 
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Scheme III.7 Mechanism of nickel-catalyzed homocoupling of aryl halide using a 

zinc-activated nickel complex [9] 

 

III.4 Lith ium-halogen Exchange Strategy   

At this point, a lithium-halogen exchange strategy was chosen to make our substrate more reactive. 

Various metal complexes were employed, such as Fe, Ni, Co, and Pd. However, no product 

formation was observed in these reactions, likely due to steric hindrance on the aromatic ring 

system (Scheme III.8). [10] 
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Scheme III.8 Synthesis of biscodeine A via lithium -halogen exchange strategy 

 

III.5 Synthesis of Bismorphine A via an Oxidative Approach 

After all attempts failed, the known procedure for the preparation of the 2:2ǋ dimer reported by 

Bentley and Dyke was repeated. [11] After the NMR data analysis, we realized that 2:2ǋ dimer NMR 

spectra match the NMR of bismorphine A. Morimoto and colleagues who extracted bismorphine 

A from opium claimed that it is 1:1ǋ union (Figure III.1). [12] On the other hand, Bentley and Dyke 

believed that bismorphine is a 2:2ǋ union (Figure III.1). [11] At first, this question needs to be 

answered: Is the compound that has been extracted from opium is the same as the one synthesized 

in the laboratory by Bentley and Dyke? To repeat Bentley and Dyke procedure, codeine was 

converted to morphine. The optimization of codeine demethylation was conducted in order to 

prepare morphine (Table III.4). [13] Morphine was successfully synthesized in 57% yield by using 

6 equivalents of BBr3 in chloroform at 15 oC (Table III.4, entry 5).   
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Figure III.1 Structure of bismorphine A and pseudomorphine 

 

Table III.4 Optimization of morphine synthesis 

Entry  BBr3(eq.) Solvent Time Temp. (oC) Yield%  

1 2.9 DCM 5h -78 to -5 0 

2 3.0 DCM 5h -78 to -25 0 

3 3.0 DCM 3h -78 to -10 0 

4 6.0 DCM 15min rt 37 

5 6.0 CHCl3 30min 15 57 

 

The dimer was then synthesized using potassium ferricyanide and potassium hydroxide in water 

at room temperature via one-electron oxidation using procedure reported by Bentley and Dyke in 

1959 (Scheme III.9). [11] We compared our product NMR with NMR reported by Morimoto and 

colleagues. We tried their procedure and unexpectedly, 1H and 13C NMR match the bismorphine 

A extracted from opium by Morimoto and colleague in 2008. We conclude that bismorphine that 

has been extracted from opium is the same bismorphine that has been synthesized in the laboratory 

by Bentley and Dyke. 
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Scheme III.9 Synthesis of bismorphine 

 

Second question: Is the carbon-carbon bond formation occur at 1-1ǋ position or 2-2ǋ position? To 

answer this question single crystal formation of the dimer was performed. The dimer only 

dissolved in dimethyl sulfoxide. Therefore, the formation of crystals was challenging. Vapor 

diffusion technique was used; however, we could not get crystals of sufficient quality (Scheme 

III.10). 
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The mode of union of the two morphine molecules has not been unambiguously determined. The 

pairing of two radicals in position two formed a 2-2ǋ bismorphine, according to Bentley and Dyke 

(Scheme III.11).  

 

Scheme III.10 Vapor diffusion technique used for crystallization of bismorphine  

 

However, the formation and coupling of radicals in position one is possible as well. To investigate 

the structure 1H and 13C NMR assigned using distortionless enhancement by polarization transfer 

(DEPT), homonuclear correlated spectroscopy (COSY), heteronuclear shift correlation 

(HETCOR), nuclear Overhauser enhancement spectroscopy (NOESY) was reported by Caldwell 

and colleagues in 1990. [15]   
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Scheme III.11 Mechanism of morphine oxidation 

 

The long-range coupling of H-1 to H-10 was observed by Caldwell and colleagues in 1990, as well 

as, the coupling of H-1 and C-13.[15] Although Caldwell and colleague's experiments suggest 2:2ǋ 

union, it suffers from the fact that a cross-peak between H-1 and OCH3 was also observed by them 

when biscodeine (dimethylpseudomorphine) was tested. [15] Data reported in 1990 is not sufficient 

to draw a conclusion. Therefore, we performed the following experiments to determine the 

bismorphine structure. The structure of bismorphine was constructed according to the 

interpretation of 1D and 2D NMR data obtained from 1H-1H Correlation spectroscopy (COSY) 

and 1H-13C Heteronuclear Single Quantum Coherence (HSQC), and Heteronuclear Multiple Bond 

Correlation (HMBC) experiments (Figure III.2 & III.3). The 1H/13C HSQC data allowed for the 

assignment of 13C signals carbon nuclei that are 1-bond coupled to proton nuclei. The HSQC 

correlations from ŭH 6.31 to the ŭC 121 were observed, thus suggesting the occurrence of 2:2ǋ 

union (Figure III.2). 



67 

 

  

 

Figure III.2 Acquire a 2D 1H/13C HSQC spectrum 
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Follow by acquiring a 2D 1H/13C HMBC (heteronuclear multiple bond correlation) spectrum to 

assign chemical shifts to the quaternary 13C nuclei. The HMBC coupling pattern is different for 

the 1,1ǋ and 2,2ǋ constitutional isomers (Figure III.3). 2D 1H/13C HMBC shows the connection 

between carbon 10 and 12 to proton 1. This J2 J3 interconnectivity is only matching with the 

HMBC coupling pattern for 2-2ǋ bismorphine (Figure III.3). The result of the 1D and 2D NMRs 

experiment confirms that the carbon-carbon bond formation occurs at 2-2ǋ position. 
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Figure III.3 Acquire a 2D 1H/13C HMBC spectrum 
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III.6 Experimental Procedure  

All reactions were performed under the atmosphere of nitrogen. Reagents and materials were 

obtained from commercial sources without further purification unless otherwise stated. Reaction 

progress was monitored by TLC on glass-backed silica gel (60 ¡, 250 ɛm thickness, F254 

indicator) with visualization under 254 nm ultraviolet light and staining by potassium 

permanganate (KMnO4). NMR data were collected at 25  using a Bruker Avance III HD 

spectrometer in deuterated solvents (CDCl3 and MeOD were obtained from Cambridge Isotope 

Laboratories, Inc., Andover, MA, USA). 1H and 13C[1H] were collected at 400 and 100 MHz, 

respectively, with chemical shifts expressed as ppm. NMR spectra were obtained using a Bruker 

Ascend 400 spectrometer in CDCl3 with tetramethylsilane (TMS) as the internal standard. The 

chemical shifts were reported in parts per million (ppm) and on the ŭ scale from tetramethylsilane 

(TMS) as an internal standard. The coupling constants J are quoted in Hertz (Hz). NMR data were 

processed using Bruker TopSpin 4.0.5. FT-IR spectra were recorded on a Bruker ALPHA-P 

spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of 

frequency of absorption (cm-1), and only partial data is provided. IR spectra were processed with 

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). Auto-mated flash 

chromatography was conducted using a Biotage Isolera flash chromatography system using silica 

gel (60 Å, low acidity, obtained from SiliCycle, Quebec City, QC, Canada) and reagent grade 

solvents. Structures were drawn with ChemDraw Professional 17.1. 
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2-2ǋ bismorphine (UOIT-7). 

 

 
 

  

UOIT -7 was prepared using the following literature procedure.[11] In a hot solution of potassium 

hydroxide (0.3504 mmol) in water (10 ml), morphine (0.3504 mmol) was added. The mixture was 

cooled to room temperature. A solution of potassium ferricyanide (0.3504 mmol) in water (4 ml) 

was added during 50 min. Stirring was continued for 30 min. The reaction mixture which consisted 

of a suspension of white solid was filtered and washed thoroughly with methanol. The resulting 

crystalline material was dissolved in concentrated ammonia solution and boiled. The residue was 

collected as a white solid. UOIT-7 as a white powder (0.1051 g, 50% Yield). 1H NMR (400MHz 

,DMSO-d6) ŭ = 6.31 (s, 2 H), 5.59 (d, J = 9.8 Hz, 2 H), 5.28 (td, J = 2.7, 9.7 Hz, 2 H), 4.85 (d, J = 

6.1 Hz, 2 H), 4.74 (d, J = 5.4 Hz, 2 H), 4.13 (br. s., 2 H), 4.04 (br. s., 2 H), 2.90 (d, J = 18.6 Hz, 2 

H), 2.57 (br. s., 2 H), 2.33 (s, 6 H, NMe), 2.24 (dd, J = 6.4, 18.8 Hz, 4 H), 2.02 (dt, J = 4.8, 12.3 

Hz, 2 H), 1.70 (d, J = 11.2 Hz, 2 H). 13C NMR (126MHz ,DMSO-d6) ŭ = 147.6, 133.9, 130.0, 

128.8, 128.6, 121.4, 92.2, 90.0, 72.7, 66.8, 58.6, 46.5 (NMe), 43.2, 43.2, 41.1, 40.6, 40.5, 40.4, 

40.3, 40.2, 40.1, 40.0, 39.9, 39.8, 39.6, 35.8, 20.5, 16.5.HRMS calcd. for C34H36N2O6 [M+1]+ 

568.6594 found 569.2637. 
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IV.1 Synthesis of Novel Opioid Compounds 

A series of 6-substituted codeine and its derivatives were synthesized to determine the effect of 

these modifications on MOR affinity. The synthesis of compounds UOIT -1, UOIT -2, UOIT -18 

and UOIT -19 were reported in Chapter II. To investigate the effect of 3- and 6-position 

modification of morphine, 3,6-di-O-tert-butyldiphenylsilylmorphine (UOIT -20) was synthesized.  

The synthesis of 3,6-di-O-tert-butyldiphenylsilylmorphine (UOIT -20) is illustrated below 

(Scheme IV.1).[1] 

 

Scheme IV.1 Disilylation of morphine (UOIT-20) 

 

The 3- and 6- hydroxy groups on morphine were protected using TBDMSCl (3.0 eq) forming 

UOIT -20 in 44% yield (Scheme IV.1).[1] Norcodeine was prepared in 90% yield by refluxing 

UOIT -8 in 6% hydrochloric acid (Scheme IV.2).[2] Subsequently, silyl protection of norcodeine 

gave 18% of  6-O-tert-butyldophenylsilylnorcodeine (UOIT -30) (Scheme IV.2).[1]  
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Scheme IV.2 TBPDS protected norcodeine (UOIT-30) 

 

Synthesis of 6-O-triphenylsilylcodeine (UOIT -16) was accomplished by treating codeine with 

triphenylsilylchloride (1.2 eq) in 75% yield (Scheme IV.3).[1] 

 

Scheme IV.3 Synthesis of 6-O-triphenylsilylcodeine (UOIT-16) 

 

Furthermore, the synthesis of four new opioids was performed to study the effect of modification 

in 6-position and N-alkylation on MOR affinity. Norcodeine was treated with allyl bromide to 

yield 65% of 20.[2] N-allylcodeine (20) was protected with TBDPSCl, TBDMSCl, and TMSCl to 

afford UOIT -17, UOIT -25 and UOIT -27, respectively (Scheme IV.4).[1]  
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Scheme IV.4 Synthesis of N-allylcodeine derivatives  

 

 In order to understand the impact of protecting groups on a dimer, the modification on the scaffold 

of UOIT -7 was performed, and compound UOIT -28 was synthesized (Scheme IV.5).[1]   
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Scheme IV.5 Synthesis of dimer UOIT-28 

 

IV.2 Determination of the Biological Activity of Novel Opioid Compounds 

New morphine and codeine derivatives were submitted for screening to Eurofins. For the primary 

screen, a radioligand binding method was used. Human recombinant CHO-K1 cells and [3H] 

diprenorphine were used as a source and radioligand, respectively. The analogues UOIT -

19, UOIT -2, UOIT -16, and UOIT -1 were evaluated in a competition binding assay against [3H] 

diprenorphine, which is the strongest commercially available opioid antagonist. The results were 

compared with codeine. Modification at the allylic alcohol, position 6 (UOIT -19, UOIT -

2, UOIT -16, UOIT -1) shows higher percent inhibition compared to codeine (Figure IV.1). Our 

results demonstrated that the steric hindrance of the substituent in position 6 affects binding 

inhibition activity. A-values provide a measure of the bulk of substituents. The A-values of t-

BuMe2SiO, t-BuPh2SiO, and Ph3SiO were measured by Eliel and colleagues in 1994 and were 

determined to be 1.06, 0.56, and 0.71 kcal/mol-1, respectively. [3] These A-values unexpectedly 

show that considerable steric hindrance is associated with the alkyl groups attached to silicon. In 
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agreement with these A-values, t-BuPh2SiO with lowest A-value = 0.56 (kcal/mol-1) shows the 

highest binding inhibition activity (%Inh.91) followed by Ph3SiO (%Inh. 72) and t-BuMe2SiO 

(%Inh. 57). From these results, it is clear that as the A-value decreases, binding inhibition activity 

increases in analogues modified in position 6.  

Moreover, to investigate the effect of 6 position modifications on codeine activity, UOIT -19 was 

chosen to test the inversion of stereochemical configuration and replacement of the hydroxyl group 

with phthalimide. It should be noted that UOIT -19 was a valuable synthetic intermediate for the 

preparation of MP1104, which was found to act as a dual kappa-delta opioid receptor agonist.[4] 

UOIT -19 shows significantly higher percent inhibition compared to codeine (97% vs. 23%) 

(Figure IV.1). We speculate that this might be due to the inversion of stereochemical configuration 

in position 6 or phthalimide substituent.  
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Figure IV.1 Inhibition of [ 3H] diprenorphine binding by UOIT -1, UOIT-2, UOIT-16, and 

UOIT -19 

 

Among UOIT -1, UOIT -2, and UOIT -16 substitution of the allylic alcohol with t-BuPh2SiO 

(UOIT -2) shows the highest increase in percent inhibition compared to codeine (91% vs. 23%). 

Previous studies reveal that residue adjacent to 6 position is lysine (K233).[5][6]  
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Compound Affinity (kcal/mol) * 

UOIT-2 0.3 

           *Obtained from docking 

Figure IV.2 Docking model of UOIT-2 and MOR. The pi-cation interaction between Lysine 

(K233) and the aromatic ring in UOIT-2 is shown as a dotted line.  

 

 Even though the docking is not biologically proven, it provides a starting point when investigating 

ligand-receptor interactions. The docking model proposes a binding model, which may support 

hypotheses and data obtained during biological studies. The delta G given as the output from 

docking is an approximation, and It is not comparable to the actual delta G, which would be shown 

through experimental determination. If a compound cannot be docked or has a very high delta G, 

the probability of its binding is not high. However, this does not mean it cannot bind; it just means 

it may not be spontaneous.  

The amine in the lysine side chain gets protonated and forming cation-pi interactions with the 

aromatic rings. We have verified that by the docking model of UOIT -2 and MOR (Figure IV.2). 
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The distance (4.185 Å) from lysine (K233) demonstrates strong pi-cation interaction (Figure IV.2). 

In addition, UOIT -16 with three aromatic rings was docked with MOR (Figure IV.3).  Two 

aromatic rings are in 4.42 and 5.26 Å distance from Lysine (K233), which determines strong pi-

cation interaction (Figure IV.3). These two pi-cation interactions compete with each other and 

make UOIT -16 unstable in the binding pocket and result in less percent inhibition compare to 

UOIT -2.  

 

Compound Affinity (kcal/mol) * 

UOIT-16 3.6 

           *Obtained from docking 

Figure IV.3 Docking model of UOIT-16 and MOR. The pi-cation interaction between Lysine 

(K233) and the aromatic ring in UOIT-16 is shown as a dotted line.  

 

Since the substitution of alcohol with t-BuPh2SiO increases codeine inhibition activity, morphine 

was modified in positions 3 and 6 using t-BuPh2SiCl (UOIT -20) (Figure IV.4). Inhibition 

percentage values indicate that if the modifications are in positions 3 and 6, activity decreases from 
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99% to 62% (Figure IV.4). This result ties well with previous studies wherein the free phenolic 

hydroxyl group enhances activity.[5][6] This increase in activity is due to the fact that histidine 

residue (H297) in MOR binding pocket form hydrogen-bonding via two water molecules to the 

phenolic hydroxyl.[5][6] 

 

Figure IV.4 Inhibition of [ 3H] diprenorphine binding by UOIT -20 

 

To expand our research on position 6 modification, UOIT -30 was prepared from norcodeine. 

Codeine has a piperidine like ring structure with tertiary nitrogen. From codeine, which bears a 

tertiary amine showed 23% inhibition, while norcodeine, bearing secondary amine, showed 33% 

inhibition. Therefore, it was expected to observe a 10% increase from UOIT -2 to UOIT -30 (91% 

to 101%). Radioligand competing binding assay result confirmed our hypothesis, and UOIT -30 

shows the highest percent inhibition (101%) compared to codeine and even morphine (Figure 

IV.5). This result highlights that even better binding inhibition percentage is achieved when using 

t-BuPh2Si (or TBDPS) in the position 6 in combination with a secondary amine.  



83 

 

 

Figure IV.5 Inhibition of [ 3H] diprenorphine binding by UOIT -30 

 

Furthermore, the docking model of UOIT -30 and MOR is in accordance with the radioligand 

competing binding assay (Figure IV.6). Strong interactions that UOIT -30 form in the binding 

pocket which is pi-cationic interaction with K233 residue could explain high binding inhibition 

percentage for UOIT -30.  
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Compound Affinity (kcal/mol) * 

UOIT-30 -1.3 

           *Obtained from docking 

 

Figure IV.6 Docking model of UOIT-30 and MOR. The pi-cation interaction between 

Lysine (K233) and aromatic ring in UOIT-30 is shown as a black dotted line. 

 

To further explore the effect of the nitrogen substituent in combination with the substitution of the 

allylic alcohol UOIT -17, UOIT -18, UOIT -25, and UOIT -27 were synthesized. Nitrogen 

substituents were chosen based on Naloxone and Naltrexone scaffolds. Naltrexone is a medication 

used to manage alcohol or opioid dependence and contains N-methylcyclopropyl (Figure IV.7).[7] 

Naloxone is a non-selective and competitive opioid receptor antagonist used for opioid overdose, 

and nitrogen in its structure is bound to an allyl group (Figure IV.7).[8] Firstly, we compared the 

results with codeine. Higher binding inhibition activity was observed for UOIT -17 and UOIT -18 

when compared to codeine (65% & 92% vs. 23%) (Figure VI.8). UOIT -17 and UOIT -18 could 

be compared with UOIT -2. Radioligand competing binding assay showed that the replacement of 
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an N-methyl group of tertiary amines with N-methylcyclopropyl had a negligible increase in 

percent inhibition (91% vs. 92%) in the presence of tBuPh2SiO in position 6 (Figure VI.8). 

 

Figure IV.7 Naloxone and Naltrexone scaffold  

 

 On the other hand, the allyl group decreases the inhibition by twenty-six percent. Since we 

observed this decrease in activity, UOIT -25 and UOIT -27 were synthesized to determine whether 

the activity change was due to the presence of the allyl group or bulkiness of t-BuPh2SiO in 

position 6. Radioligand binding assay results prove that an allyl group in combination with a less 

bulky group such as tBuMe2SiO in position 6 increases the percent inhibition from 65% in UOIT -

17 to 83% in UOIT -25. Moreover, if we compare UOIT -1 with (%Inh. 57) and UOIT -25 with 

(%Inh. 83), a significant increase in activity was observed. It is important to note from these 

preliminary results indicated that substituents in position 6 and on nitrogen exhibit cumulative 

effect. If the N-allyl group is chosen to replace N-methyl group, modification in position 6 has to 

be considered with a less bulky group such as t-BuMe2SiO. Alternatively, N-methylcyclopropyl 

tolerates bulkier groups such as t-BuPh2SiO in position 6. 
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Figure IV.8 Inhibition of [ 3H] diprenorphine binding by UOIT -17, UOIT-18, UOIT-25, and 

UOIT -27 

 

The addition of a halogen atom to the aromatic ring was investigated next. The bromination of 

codeine and its derivatives was reported in Chapter II. The next series of codeine derivates chosen 

for radioligand binding assays contained bromide in the position 1 of the aromatic ring. Results 

determined that all 1-bromocodeine derivatives have higher binding inhibition percentage 

compared to codeine except UOIT -9 with %Inh.13 (Figure IV.10). UOIT -9 exhibited a lower 

binding inhibition percentage because the parent compound UOIT -8 was less active than codeine 

(Figure IV.10).  
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Compound Affinity (kcal/mol) * 

UOIT-3 -4.3 

         *Obtained from docking 

Figure IV.9 Docking model of UOIT-3 and MOR. The distance between Aspartic Acid 

(D147) and Br is shown as a black dotted line. 

 

These findings are in accordance with findings reported by Riley and colleagues in 2011.[10] They 

have demonstrated that if the X-bond distance is less than 3 Å,  Br forms strong halo-amino acid 

interactions.[10] As shown in Figure IV.9, aspartic acid (D147) is in 2.785 Å distance from Br. To 

further elaborate on these results, each 1-bromocodeine derivative was compared to its non-

brominated starting material (Figure IV.12). 
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Figure IV.10 Inhibition of [ 3H] diprenorphine binding by UOIT -9, UOIT-11, UOIT-24, and 

UOIT -14 

 

For example, the bromination of codeine increased the percentage inhibition of unsubstituted 

codeine from %Inh. 23 to %Inh. 38 for to 1-bromocodeine (UOIT -3) (Figure IV.11). On the other 

hand, the results obtained with codeine derivatives demonstrate a decrease in %Inh. The only 

exception is UOIT -25, which shows a negligible increase by one percent (%Inh. 83 to %Inh. 84) 

(Figure IV.12). This is in line with the previous results.  
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Results have shown that modification in position 6 with t-BuMe2SiO provide the platform for 

further modifications in other positions without decreasing binding inhibition percentage. 

Moreover, an increase in activity was observed when additional modifications were introduced in 

the presence of TBDMSO, such as codeine (%Inh.23) and UOIT -1 (%Inh.57); UOIT -1 (%Inh. 

57) and UOIT -25 (%Inh.83). Despite the fact that all codeine derivatives showed a decrease in 

activity after bromination, UOIT -25 demonstrated a negligible increase in activity (%Inh. 84). In 

contrast, as shown in Figure IV.12 introducing a halogen atom in the aromatic ring of codeine 

derivatives UOIT -9, UOIT -14, UOIT -4, UOIT -24, and UOIT -5 decreased inhibition binding 

percentage by 8%, 14%, 15%, 45%, and 54% respectively. These results indicate that when a bulky 

group such as t-BuPh2SiO was present in the position 6, the introduction of bromide in the aromatic 

region was less tolerated, and a significant decrease in activity was observed (45% vs 54%) (Figure 

IV.12). As less bulky groups such as t-BuMe2SiO and phthalimide were introduced in position 6, 

a moderate decrease was observed (15% and 14%) (Figure IV.15).   

 

Figure IV.11 Inhibition of [ 3H] diprenorphine binding by UOIT -3 
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Figure IV.12 Inhibition of [ 3H] diprenorphine binding by 1-bromocodeine derivatives 
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The effect of opioid dimers on binding inhibition was investigated next. Three opioid dimers were 

synthesized and submitted for radioligand binding assays. Bismorphine (UOIT -7) shows sixty-

nine percent inhibition (Figure IV.16). The presence of three silyl protecting groups (t-BuMe2Si) 

on UOIT -28 resulted in lower activity compared to bismorphine A from 69% to 32%. On the other 

hand, when the protecting group was changed to t-BuPh2Si, the dimer binding inhibition 

percentage increased by 12%. Therefore, cation-pi interactions between the aromatic rings and 

lysine (K233) in the binding pocket may be considered to be the reason for the increase in 

activity.[5][6]  

 

Figure IV.13 Inhibition of [ 3H] diprenor phine binding by UOIT-7, UOIT-28, and UOIT-29 

 

Our initial goal was the modification in position 6 to determine how those changes alter the 

pharmacology of the compounds. UOIT -1, UOIT -2, and UOIT -30 were chosen for further 

binding and functional assays. The half-maximal inhibitory concentration (IC50) and inhibition 

constant (Ki) were measured for UOIT -1, UOIT -2, and UOIT -30 (Figure IV.14).  Analogues 

UOIT -2 and UOIT -30 showed a high affinity for MOR (0.35 and 0.46 µM, respectively) (Table 
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IV.1). On the other hand, UOIT -1 had a low affinity for MOR (Ki > 1 µM) (Table IV.1). The 

presence of bulkier substituent (t-BuPh2SiO) in position 6 dramatically increased affinities for 

MOR.  

 

Figure IV.14 Response curve of UOIT-1, UOIT-2, and UOIT-30  

(IC50 values were determined by a non-linear, least squares regression analysis using MathIQTM 

(ID Business Solutions Ltd., UK). Where inhibition constants (Ki) are presented, the Ki values 

were calculated using the equation of Cheng and Prusoff using the observed IC50 of the tested 

compound, the concentration of radioligand employed in the assay, and the historical values for 

the KD of the ligand (obtained experimentally at Eurofins Panlabs, Inc.). The Hill coefficient (nH), 

defining the slope of the competitive binding curve, was calculated using MathIQTM. 

 

 In the next step, derivatives modified in the position 6 in combination with various nitrogen 

substituents were tested (Figure IV.15). All analogues (UOIT -17, UOIT -18, UOIT -25) in this 

category showed high affinity for MOR (Ki <1 µM) (Table IV.1). UOIT -18 demonstrated higher 

potency (0.28 µM) when compared to UOIT -17 and UOIT -25 (0.94 and 0.80 µM respectively) 
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(Table IV.1). While UOIT -2 demonstrated high affinity, its N-methylcyclopropane derivative 

UOIT -18 was even more active (ki = 0.35 µM for UOIT -2; ki = 0.28 µM for UOIT -18) (Table 

IV.1).  

   

 

Figure IV.15 Response curve of UOIT-17, UOIT-18, and UOIT-25, IC50 values were 

determined by a non-linear, least squares regression analysis using MathIQTM (ID Business 

Solutions Ltd., UK). Where inhibition constants (Ki) are presented, the Ki values were calculated 

using the equation of Cheng and Prusoff using the observed IC50 of the tested compound, the 

concentration of radioligand employed in the assay, and the historical values for the KD of the 

ligand (obtained experimentally at Eurofins Panlabs, Inc.). The Hill coefficient (nH), defining the 

slope of the competitive binding curve, was calculated using MathIQTM. 

 

 In addition, UOIT -4 with modification in position 6 along with brominated aromatic ring 

(%Inh.72), showed low affinity with Ki>1 (Table IV.1). Although it is difficult to judge structure-
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activity relationships based on simple screening, preliminary observations show that this structural 

modification decreased UOIT -4 affinity for MOR. UOIT -7 and UOIT -29 were tested next (Figure 

IV.16). Bismorphine (UOIT -7) showed higher affinity compare to UOIT -29 (Table IV.1). Even 

though we observed that t-BuPh2SiO groups increase affinity for monomers, dimers did not follow 

the same trend.  

   

 

Figure IV.16 Response curve of UOIT-4, UOIT-7, and UOIT-29, IC50 values were determined 

by a non-linear, least squares regression analysis using MathIQTM (ID Business Solutions Ltd., 

UK). Where inhibition constants (Ki) are presented, the Ki values were calculated using the 

equation of Cheng and Prusoff using the observed IC50 of the tested compound, the concentration 

of radioligand employed in the assay, and the historical values for the KD of the ligand (obtained 

experimentally at Eurofins Panlabs, Inc.). The Hill coefficient (nH), defining the slope of the 

competitive binding curve, was calculated using MathIQTM. 
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We next investigated the agonist or antagonist activities using the [35S]GTPɔS binding assay. This 

assay measures GDP/GTP exchange that occurs at the G-protein to quantify receptor activation. 

Neither of the compounds acted as agonists in the [35S]GTPɔS binding assays on MOR (Table 

IV.1). In contrast, all analogues acted as antagonists. Although UOIT -2 had a higher affinity than 

UOIT -30, UOIT -30 with EC50 = 0.15 µM in the functional assay was a more potent MOR 

antagonist (Table IV.1). High antagonist potency was also depicted by UOIT -18 (EC50 = 0.22 

µM) (Table IV.1). However, UOIT -29 demonstrated higher antagonist potency for MOR (EC50= 

0.85 µM) compared to UOIT -7 (Table IV.1). 

Table IV.1 Opioid binding affinities and in vitro antagonist potency and efficacy 

 

Compound 

Binding Adenylate cyclase GTPɔS 

IC50 

(µM) 

K i 

(µM) 

EC50 

(µM) 

Emax 

(%) 

EC50 

(µM) 

Emax 

(%) 

UOIT-1 4.78 1.94 <1.00 84 6.00 52 

UOIT-2 0.87 0.35 0.53 76 5.30 53 

UOIT-30 1.14 0.46 0.15 67 3.66 73 

UOIT-17 2.30 0.94 0.98 78 ND ND 

UOIT-18 0.68 0.28 0.22 65 ND ND 

UOIT-25 1.98 0.80 0.30 50 ND ND 

UOIT-4 5.51 2.24 4.55 74 ND 20 

UOIT-7 2.26 0.92 <1.00 91 11.00 51 

UOIT-29 4.79 1.95 0.85 82 ND ND 
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IV.3 Experimental procedure  

All reactions were performed under the atmosphere of nitrogen. Reagents and materials were 

obtained from commercial sources without further purification unless otherwise stated. Reaction 

progress was monitored by TLC on glass-backed silica gel (60 ¡, 250 ɛm thickness, F254 

indicator) with visualization under 254 nm ultraviolet light and staining by potassium 

permanganate (KMnO4). NMR data was collected at 25  using a Bruker Avance III HD 

spectrometer in deuterated solvents (CDCl3 and MeOD were obtained from Cambridge Isotope 

Laboratories, Inc., Andover, MA, USA). 1H and 13C[1H] were collected at 400 and 100 MHz, 

respectively, with chemical shifts expressed as ppm. NMR spectra were obtained using a Bruker 

Ascend 400 spectrometer, in CDCl3 with tetramethylsilane (TMS) as the internal standard. The 

chemical shifts were reported in parts per million (ppm) and on the ŭ scale from tetramethylsilane 

(TMS) as an internal standard. The coupling constants J are quoted in Hertz (Hz). NMR data was 

processed using Bruker TopSpin 4.0.5. FT-IR spectra were recorded on a Bruker ALPHA-P 

spectrometer using a platinum ATR with a diamond ATR crystal. Spectra are reported in terms of 

frequency of absorption (cm-1) and only partial data is provided. IR spectra were processed with 

OPUS Spectroscopy software (Version 7.5, Bruker Optik, GmbH). Auto-mated flash 

chromatography was conducted using a Biotage Isolera flash chromatography system using silica 

gel (60 Å, low acidity, obtained from SiliCycle, Quebec City, QC, Canada) and reagent grade 

solvents. Structures were drawn with ChemDraw Professional 17.1. 
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(4aR,7S,7aR,12bS)-9-methoxy-3-methyl-7-((triphenylsilyl)oxy)-2,3,4,4a,7,7a-hexahydro-1H-

4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -16).  

 

 

 

UOIT -16 was prepared following literature procedure.[1] UOIT -16 was isolated as a white  powder 

0.3504 g, 75% yield). 1H NMR (400MHz , MeOH-d4) ŭ = 7.74 - 7.65 (m, 3 H, Si(Ph)3), 7.64 - 

7.51 (m, 3 H, Si(Ph)3), 7.46 - 7.18 (m, 9 H, Si(Ph)3), 6.69 - 6.62 (m, 1 H), 6.55 - 6.45 (m, 1 H), 

5.72 - 5.61 (m, 1 H), 5.20 (td, J = 2.5, 9.8 Hz, 1 H), 4.48 - 4.36 (m, 1 H), 3.84 (s, 3 H, OMe), 3.26 

(dd, J = 3.2, 5.9 Hz, 1 H), 3.08 - 2.90 (m, 1 H), 2.51 - 2.42 (m, 2 H), 2.42 - 2.37 (m, 1 H), 2.34 (s, 

3 H, NMe), 1.81 - 1.69 (m, 1 H), 1.58 (dd, J = 1.8, 12.8 Hz, 1 H). 13C NMR (101MHz, MeOH-d4) 

ŭ = 147.7, 147.3, 142.1, 142.0, 136.1, 135.3, 135.0, 134.8, 134.7, 134.2, 132.8, 132.7, 130.8, 130.7, 

130.0, 129.5, 128.1, 127.8, 127.7, 127.6, 127.5, 127.4, 127.1, 127.0, 119.0, 118.8, 115.0, 113.8, 

91.8, 91.4, 68.8, 66.8, 58.8, 58.7, 56.6, 55.9, 48.3, 48.1, 47.9, 47.7, 47.5, 47.3, 47.1, 46.0 (NMe), 

43.0 (OMe), 42.8, 41.7, 41.6, 40.1, 39.8, 35.0, 34.8, 20.3, 20.3, 18.4, 13.0. HRMS calcd. for 

C36H35NO3Si. [M+1]+ 557.7535 found 558.2459.  
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(4aR,7S,7aR,12bS)-3-allyl -7-((tert -butyldiphenylsilyl)oxy) -9-methoxy-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT-17) 

 

 
 

UOIT -17 was prepared following literature procedure.[1][2] UOIT -17 was isolated as a white 

powder 0.1706 g, 98% yield). 1H NMR (400MHz, CDCl3) ŭ = 7.81 (dd, J = 1.5, 7.8 Hz, 2 H, 

Si(Ph2)
tBu), 7.68 (dd, J = 1.3, 7.9 Hz, 2 H, Si(Ph2)

tBu), 7.47 - 7.30 (m, 6 H, Si(Ph2)
tBu), 6.66 (dd, 

J = 3.1, 8.2 Hz, 1 H), 6.47 (d, J = 8.1 Hz, 1 H), 5.82 (dd, J = 10.3, 17.1 Hz, 1 H), 5.74 - 5.64 (m, 

1 H), 4.45 (dd, J = 1.0, 5.9 Hz, 1 H), 4.20 (dd, J = 3.1, 5.7 Hz, 1 H), 3.94 (s, 3 H, OMe), 3.84 (s, 1 

H), 3.37 (dd, J = 3.2, 6.1 Hz, 1 H), 3.23 - 3.06 (m, 2 H), 3.01 - 2.84 (m, 2 H), 2.71 - 2.53 (m, 2 H), 

2.44 - 2.38 (m, 1 H), 2.38 - 2.18 (m, 2 H), 1.91 - 1.65 (m, 2 H), 1.20 (d, J = 6.1 Hz, 1 H), 1.11 (s, 

9 H, Si(Ph2)
tBu). 13C NMR (126MHz, MeOH-d4) d = 135.9, 135.8, 135.5, 134.9, 134.7, 134.6, 

132.2, 131.0, 129.0, 127.3, 127.1, 67.7, 48.1, 48.0, 47.9, 47.8, 47.7, 47.6, 47.5, 47.4, 47.2, 47.1, 

46.6 (NMe), 46.1, 45.9 (OMe), 38.8, 30.2, 28.7, 25.7, 25.2, 23.5, 22.6, 18.4, 18.4, 13.0.
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 (4aR,7S,7aR,12bS)-7,9-bis((tert-butyldiphenylsilyl)oxy) -3-methyl-2,3,4,4a,7,7a-hexahydro-

1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT-20) 

 

 
 

UOIT -20 was prepared following literature procedure.[1] UOIT -20 was isolated as a white powder 

0.1176 g, 44% yield). 1H NMR (400MHz , MeOH-d4) ŭ = 7.90 - 7.73 (m, 8 H, Si(Ph2)
tBu), 7.45 - 

7.38 (m, 12 H, Si(Ph2)
tBu), 6.31 (d, J = 8.3 Hz, 1 H), 6.24 (d, J = 8.3 Hz, 1 H), 5.88 - 5.81 (m, 1 

H), 5.26 (td, J = 2.9, 9.7 Hz, 1 H), 4.59 (dd, J = 1.3, 5.7 Hz, 1 H), 4.30 (dd, J = 3.2, 5.6 Hz, 1 H), 

3.64 (d, J = 3.2 Hz, 1 H), 3.08 - 2.99 (m, 1 H), 2.82 (d, J = 3.7 Hz, 1 H), 2.72 - 2.65 (m, 1 H), 2.63 

(s, 3 H, NMe), 2.58 - 2.47 (m, 1 H), 1.92 (d, J = 4.9 Hz, 1 H), 1.79 - 1.71 (m, 1 H), 1.13 - 1.04 (m, 

18 H, Si(Ph2)
tBu). 13C NMR (101MHz, MeOH-d4) ŭ = 149.7, 137.7, 135.7, 135.6, 135.5, 135.4, 

134.5, 133.6, 133.2, 133.2, 129.7, 129.6, 129.6, 129.0, 127.4, 127.4, 127.3, 127.2, 118.2, 91.5, 

69.5, 48.3, 48.2, 48.1, 48.0, 47.8, 47.6, 47.4, 47.2, 46.96 (NMe), 43.0, 40.9, 28.9, 26.1, 26.0, 25.7, 

18.7. HRMS calcd. for C49H55NO3Si2. [M+1]+ 762.1369 found 762.3792. 
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(4aR,7S,7aR,12bS)-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-methanobenzofuro[3,2-

e]isoquinolin-7-ol (UOIT -22). 

 

 

 
 

UOIT -22 was prepared following literature procedure.[2] UOIT -22 was isolated as a white powder 

3.0020 g, 95% yield). 1H NMR (400MHz , MeOH-d4) ŭ = 6.81 (d, J = 8.1 Hz, 1 H), 6.67 (d, J = 

8.3 Hz, 1 H), 5.79 (s, 1 H), 5.37 (s, 1 H), 4.93 (dd, J = 1.2, 6.1 Hz, 1 H), 4.25 (dd, J = 2.7, 5.9 Hz, 

2 H), 3.86 (s, 3 H, OMe), 3.19 - 2.96 (m, 4 H), 2.86 - 2.78 (m, 1 H), 2.24 (dt, J = 5.0, 13.5 Hz, 1 

H), 2.12 (dd, J = 2.8, 14.1 Hz, 1 H). HRMS calcd. for C17H19NO3. [M+1]+ 285.3376 found 

286.1449. 
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(4aR,7S,7aR,12bS)-3-allyl-7-((tert-butyldimethylsilyl)oxy)-9-methoxy-2,3,4,4a,7,7a-

hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -25). 

 

 
 

UOIT -25 was prepared following a literature procedure.[1][2] UOIT -25 was isolated as a white 

powder 0.0554 g, 82% yield). 1H NMR (400MHz, CDCl3) ŭ = 6.67 (d, J = 8.1 Hz, 1 H), 6.52 (d, 

J = 8.3 Hz, 1 H), 6.07 - 5.95 (m, 1 H), 5.69 (d, J = 10.0 Hz, 1 H), 5.43 - 5.32 (m, 2 H), 5.22 (td, J 

= 2.6, 9.9 Hz, 1 H), 4.77 (d, J = 6.4 Hz, 1 H), 4.32 - 4.17 (m, 1 H), 3.95 (dd, J = 3.2, 6.4 Hz, 1 H), 

3.87 (s, 3 H, OMe), 3.63 (dd, J = 6.4, 13.2 Hz, 1 H), 3.48 (dd, J = 7.6, 13.0 Hz, 1 H), 2.99 (d, J = 

19.8 Hz, 1 H), 2.67 - 2.52 (m, 2 H), 2.30 (dt, J = 4.8, 13.1 Hz, 1 H), 2.25 - 2.20 (m, 2 H), 2.04 - 

1.98 (m, 1 H), 1.96 - 1.89 (m, 1 H), 0.95 - 0.88 (m, 1 H), 0.20 (s, 9 H, tBuMe2), 0.06 (s, 6 H, tBuMe2 

). 13C NMR (101 MHz, CDCl3) ŭ ppm 21.02, 25.65, 25.89, 37.41, 37.95, 57.23, 57.75, 71.56, 

76.70, 77.02, 77.22, 77.34, 82.88, 92.01, 114.22, 121.58, 130.37, 133.62. 
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(4aR,7S,7aR,12bS)-3-allyl-9-methoxy-7-((trimethylsilyl)oxy)-2,3,4,4a,7,7a-hexahydro-1H-

4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT-27) 

 

 

 
 

UOIT -27 was prepared following a literature procedure.[6][2] UOIT -27 was isolated as a white 

powder 0.0463 g, 54% yield). 1H NMR (400MHz , CDCl3) ŭ = 6.67 - 6.56 (m, 1 H), 6.48 (d, J = 

8.3 Hz, 1 H), 5.89 (br. s., 1 H), 5.64 (d, J = 9.8 Hz, 1 H), 5.32 - 5.14 (m, 3 H), 4.70 (d, J = 5.9 Hz, 

1 H), 4.24 (dd, J = 2.7, 5.6 Hz, 1 H), 3.84 (s, 3 H, OMe), 3.48 (br. s., 1 H), 3.20 (br. s., 2 H), 3.03 

- 2.89 (m, 1 H), 2.67 (br. s., 2 H), 2.48 - 2.22 (m, 2 H), 2.04 (br. s., 1 H), 1.86 (d, J = 12.2 Hz, 1 

H), 0.18 (s, 9 H, Me3). 
13C NMR (101MHz, CDCl3) ŭ = 146.3, 133.4, 119.6, 112.9, 103.6, 91.4, 

77.3, 77.2, 77.0, 76.7, 66.4, 58.2, 56.4, 56.3, 44.7 (OMe), 43.4, 21.1. 
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 UOIT -28 

 
 

 

UOIT -28 was prepared following a literature procedure.[1] 1H NMR (400MHz ,DMSO-d6) ŭ = 

6.44 - 6.35 (m, 2 H), 5.65 - 5.51 (m, 2 H), 5.40 - 5.27 (m, 2 H), 4.68 (dd, J = 5.1, 16.9 Hz, 2 H), 

4.32 (br. s., 2 H), 4.15 (br. s., 1 H), 4.04 (s, 6 H), 2.86 (d, J = 17.4 Hz, 3 H), 2.70 - 2.64 (m, 1 H), 

2.59 (d, J = 18.3 Hz, 2 H), 2.39 - 2.23 (m, 9 H), 2.12 - 1.95 (m, 3 H), 1.55 (d, J = 12.2 Hz, 3 H), 

1.29 - 1.18 (m, 2 H), 0.91-0.89 (m, 27 H, tBuMe2), 0.20 (br. s, 2 H), 0.14 - 0.11 (m, 18 H, tBuMe2). 

HRMS calcd. for C52H78N2O6Si3. [M+1]+ 911.4420 found 911.5233. 
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UOIT -29 

 

 
 

 

UOIT -29 was prepared following a literature procedure.[1] UOIT -29 was isolated as a white 

powder 0.0300g, 50% yield). 1H NMR (400MHz ,DMSO-d6) ŭ = 7.96 (m, 4 H, tBuPh2), 7.69 (d, 

J = 3.7 Hz, 14 H, tBuPh2), 7.41 - 7.37 (m, 20 H, tBuPh2), 7.13 (s, 2 H, tBuPh2), 6.39 (s, 2 H), 5.69 

(d, J = 10.0 Hz, 2 H), 5.29 (d, J = 8.8 Hz, 2 H), 4.86 (d, J = 5.9 Hz, 2 H), 4.17 (br. s., 2 H), 3.92 

(br. s., 3 H), 3.18 - 2.97 (m, 8 H), 2.89 (s, 6 H), 2.82 - 2.72 (m, 18 H), 2.72 - 2.57 (m, 4 H), 2.30 

(br. s., 3 H), 1.89 (d, J = 13.0 Hz, 3 H), 0.96 (s, 36 H, tBuPh2). 
13C NMR (126MHz, DMSO-d6) ŭ 

= 136.8, 134.9, 129.6, 127.9, 114.8, 112.8, 103.6, 90.3, 82.7, 82.2, 75.7, 68.8, 50.8, 44.9 (NMe), 

42.7, 40.5, 40.4, 40.3, 40.2, 40.1, 40.0, 39.8, 39.6, 39.5, 33.3, 32.9, 27.0, 19.1, 17.6, 9.4, 4.2. 
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(4aR,7S,7aR,12bS)-7-((tert-butyldiphenylsilyl)oxy)-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-

4,12-methanobenzofuro[3,2-e]isoquinoline (UOIT -30). 

 

 

 
 

 

UOIT -30 was prepared following a literature procedure.[1] UOIT -30 was isolated as a white 

powder 0.0334g, 18% yield). 1H NMR (400MHz , MeOH-d4) ŭ = 7.94 - 7.79 (m, 2 H, tBuPh2), 

7.79 - 7.61 (m, 2 H, tBuPh2), 7.51 - 7.33 (m, 6 H, tBuPh2), 6.71 (d, J = 8.3 Hz, 1 H), 6.52 (d, J = 

8.1 Hz, 1 H), 5.74 - 5.66 (m, 1 H), 5.25 - 5.17 (m, 1 H), 4.45 (dd, J = 1.2, 6.1 Hz, 1 H), 4.30 (dd, 

J = 3.4, 5.9 Hz, 1 H), 3.92 (s, 3 H, OMe), 3.61 - 3.54 (m, 1 H), 2.92 - 2.72 (m, 4 H), 2.68 (s, 1 H), 

2.50 - 2.36 (m, 2 H), 1.78 - 1.64 (m, 2 H), 1.17 - 1.08 (m, 9 H, tBuPh2). 
13C NMR (101MHz , 

MeOH-d4) ŭ = 135.6, 135.5, 133.7, 133.5, 133.1, 129.6, 127.6, 127.4, 127.3, 118.7, 115.5, 92.3, 

69.0, 56.8, 51.5, 48.3, 48.2, 48.0, 47.9, 47.8, 47.7, 47.6, 47.4, 47.2, 47.0, 43.7(OMe), 40.0, 35.4, 

26.0, 18.8. HRMS calcd. for C33H37NO3Si. [M+1]+ 523.7372 found 524.2618. 
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(4R,4aR,7S,7aR,12bS)-3-allyl-9-methoxy-2,3,4,4a,7,7a-hexahydro-1H-4,12-

methanobenzofuro[3,2-e]isoquinolin-7-ol (20) 

 

 

 
 

20 was prepared following a literature procedure.[2] 20 was isolated as a white powder 0.1740g, 

65% yield. 1H NMR (400MHz , CDCl3) ŭ = 6.66 (d, J = 8.3 Hz, 1 H), 6.56 (d, J = 8.1 Hz, 1 H), 

5.89 (dd, J = 10.3, 16.9 Hz, 1 H), 5.70 (tdd, J = 1.5, 2.9, 9.9 Hz, 1 H), 5.34 - 5.12 (m, 3 H), 4.89 

(dd, J = 1.2, 6.6 Hz, 1 H), 4.21 - 4.08 (m, 1 H), 3.84 (s, 3 H, OMe), 3.48 (dd, J = 3.2, 6.1 Hz, 1 

H), 3.24 - 3.10 (m, 2 H), 3.01 (s, 1 H), 2.96 (s, 1 H), 2.88 (s, 1 H), 2.76 - 2.64 (m, 2 H), 2.62 (s, 1 

H), 2.46 - 2.26 (m, 3 H), 2.18 - 1.94 (m, 1 H), 1.90 - 1.78 (m, 1 H). 13C NMR (126MHz ,MeOH-

d4) ŭ = 142.0, 132.6, 130.8, 128.0, 126.9, 118.9, 114.9, 113.8, 91.8, 66.7, 57.5, 56.4, 56.4, 55.9, 

48.1, 47.9, 47.8, 47.7, 47.6, 47.5, 47.4, 47.3, 47.2, 47.1, 47.0, 45.9, 44.3, 43.5 (OMe), 39.8, 34.8, 

20.8. 
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V. Conclusion and Future Direction 

This dissertation's two main goals were: 1) Synthesis of new dimeric opioid analogues (specially 

bismorphine A) as potential novel codeine derivatives that will not get metabolized by CYP2D6; 

2) Synthesis of novel opioid analogues and determination of their biological activities for MOR to 

achieve a better understanding of ligand-opioid receptor interactions via structural activity 

relationship (SAR).  

Due to the fact that codeine halogenation was the first step in our proposed synthetic plan for 

bismorphine A, the development of novel protocol for the bromination of codeine was carried out. 

In chapter II, despite significant challenges encountered in the synthesis and purification of 1-

bromocodeine and its derivatives, we presented the development of the methodology for the 

preparation of 1-bromocodeine and its derivatives in good yields on a gram scale. The reaction has 

a broad scope and occurs under mild conditions using a safe brominating agent NBA. To the best 

of our knowledge, this is the first practical procedure since 1925. We believe that this protocol is 

a valuable synthetic tool for the bromination of alkaloids. In addition, the bromination of codeine 

and its derivatives offer the platform for a series of site-selective functionalization reactions such 

as Suzuki, Sonogashira, Heck, Stille, and Kumada. Since 1-substituted opioid analogues are 

limited to eight compounds synthesized by Davies and colleagues in 2008, synthesizing novel 1-

substituted opioid analogues would be essential in the opioid field. Future directions include 

synthesizing a variety of 1-bromocodeine derivatives and subsequently performing coupling 

reactions.  
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The synthesis of natural product bismorphine A, a novel alkaloid extracted from opium in 2003, 

has been described in chapter III various coupling protocols such as Stille coupling, Suzuki 

coupling, as well as homocoupling were attempted. It was observed that using potassium 

ferricyanide and potassium hydroxide in water at room temperature, following the procedure 

developed by Bentley and Dyke in 1959, yielded bismorphine. Our efforts toward synthesizing 

natural product 1,1ǋ-bismorphine A revealed that 1,1ǋ-bismorphine (bismorphine A) and 2,2ǋ-

bismorphine (pseudomorphine) have the same structure. In literature reports these two are still 

being viewed as two different molecules. We used 2D NMR to identify whether we obtained 1,1ǋ-

bismorphine (bismorphine A) or 2,2ǋ-bismorphine (pseudomorphine). We conclude that carbon-

carbon bond formation occurs at the 2-2ǋ position, and the dimer is 2,2ǋ-bismorphine 

(pseudomorphine). In future, additional efforts can be made to provide additional proof of  

bismorphine structure via single crystal formation and performance of X-ray crystallography.  

Chapter IV describes the preparation of a series of novel opioid derivatives and their screening 

results. Many of them have high affinity for the Mu Opioid Receptor. In addition, we have shown 

that a chemical modification in the position six in combination with substituents on nitrogen of 

codeine can lead to increased activity at the MOR.  Our study revealed that all analogues act as 

antagonists of MOR. Overall, UOIT-30, which exhibited the highest binding affinity percentage 

(101%), showed the highest antagonist potency at MOR. Our work provides valuable tools for 

those working in the field of opioid chemistry, as the t-BuPh2SiO and t-BuMe2SiO in the position 

6 with N-methyl substitution can be regarded as a good starting point for further investigation of 

ligand-opioid interactions.  
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In the future, it would be worthwhile to determine the affinity of all compounds for DOR and KOR 

to obtain the selectivity of these compounds for delta opioid receptors and kappa opioid receptors. 

Furthermore, previous studies showed that opioid antagonists appear to reduce Parkinsonôs 

medication's side effects and improve drugs' effectiveness for obesity. These novel opioid 

antagonists can serve as a starting point for further research and investigation against diseases 

mentioned above. It would also be interesting to perform biochemical studies to reveal if these 

codeine analogues will undergo enzymatic demethylation by CYP2D6, while maintaining modest 

codeine level activity. 
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Appendix A. 

A1. List of Compounds 

UOIT -1 UOIT -2 

 
 

UOIT -3 UOIT -4 

 

 
UOIT -5 UOIT -6 
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UOIT -7 UOIT -8 

 

 

UOIT -9 UOIT -10 

 

 

UOIT -11 UOIT -12 

 

 

UOIT -13 UOIT -14 
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UOIT -15 UOIT -16 

 
 

UOIT -17 UOIT -18 

  
UOIT -19 UOIT -20 

 

 
UOIT -21 UOIT -22 
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UOIT -23 UOIT -24 

 

 
UOIT -25 UOIT -26 

 

 

UOIT -27 UOIT -28 

 

 
UOIT -29 UOIT -30 
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Appendix B. 

 

B1. Homology Modeling and Computational Docking 

 

The MOR from Mu Opioid Receptor-Gi Protein Complex (PDB 6DDE) was used as a template in 

MODELLER 9.14 in order to generate the MOR subunit (1). This template was chosen due to high 

sequence similarity as determined by ClustalW alignments (3).  The most energetically favorable 

models were determined both by their DOPE score and with PROCHECK Ramachandran plot 

analysis. In addition, all models which did not fit expectations were excluded as well. USCF 

Chimera 1.6.1 was used for model analysis and molecular distance measurements (2).   

1. Ġali, Andrej, and Tom L. Blundell. "Comparative protein modelling by satisfaction of 

spatial restraints." Journal of molecular biology 234.3 (1993): 779-815. 

2. Pettersen, Eric F., et al. "UCSF Chimeraða visualization system for exploratory research 

and analysis." Journal of computational chemistry 25.13 (2004): 1605-1612. 

3. Larkin, Mark A., et al. "Clustal W and Clustal X version 2.0." bioinformatics 23.21 (2007): 

2947-2948. 

 

Computational Docking 

Ligand models were generated through ChemDraw based on the compounds synthesized. 

AutoDock tools (4) were used to prepare molecules for hypothetical docking performed by 

AutoDock Vina (5). ). The centre of the 25 × 25 × 50 Å docking search box was placed in the 

predicted area of the hypothetical agonist bi ding area.  A maximum of 10 binding models all 

within a range of 5 kcal·molḍ1 from the best scoring pose were generated for each agonist. 

 

4. Morris, Garrett M., et al. "AutoDock4 and AutoDockTools4: Automated docking with 

selective receptor flexibility." Journal of computational chemistry 30.16 (2009): 2785-

2791. 
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5. Trott, Oleg, and Arthur J. Olson. "AutoDock Vina: improving the speed and accuracy of 

docking with a new scoring function, efficient optimization, and multithreading." Journal 

of computational chemistry 31.2 (2010): 455-461. 
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Appendix C. 

 

C1. Crystal Data and Structure Refinement for 1-bromocodeine 

    Table 1.  Crystal data and structure refinement for d20101_a. 

Identification code  d20101_a 

Empirical formula  C36 H46 Br2 N2 O9 

Formula weight  810.57 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 15.6821(5) Å a= 90°. 

 b = 7.1334(2) Å b= 105.660(2)°. 

 c = 16.1315(5) Å g = 90°. 

Volume 1737.59(9) Å3 

Z 2 

Density (calculated) 1.549 Mg/m3 

Absorption coefficient 3.447 mm-1 

F(000) 836 

Crystal size 0.120 x 0.030 x 0.010 mm3 

Theta range for data collection 2.845 to 68.629°. 

Index ranges -18<=h<=17, -8<=k<=8, -19<=l<=19 

Reflections collected 38432 

Independent reflections 6344 [R(int) = 0.1162] 

Completeness to theta = 67.679° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7531 and 0.6101 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6344 / 1 / 446 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0362, wR2 = 0.0807 

R indices (all data) R1 = 0.0453, wR2 = 0.0845 

Absolute structure parameter -0.018(9) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.417 and -0.726 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for d20101_a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Br(1A) 10026(1) 7528(1) 4616(1) 28(1) 

O(1A) 6079(2) 6887(5) 3711(2) 23(1) 

O(2A) 5005(3) 8530(6) 2268(3) 32(1) 

O(3A) 6924(3) 9269(5) 5086(2) 29(1) 

N(1A) 7981(3) 2073(6) 2493(3) 24(1) 

C(1A) 6789(3) 4769(8) 2920(3) 21(1) 

C(2A) 5914(3) 5815(8) 2895(3) 21(1) 

C(3A) 5615(3) 7161(8) 2126(4) 24(1) 

C(4A) 6366(4) 7978(8) 1839(3) 24(1) 

C(5A) 7057(4) 6940(8) 1797(3) 23(1) 

C(6A) 7119(3) 4938(9) 2099(3) 21(1) 

C(7A) 8061(4) 4099(8) 2329(4) 22(1) 

C(8A) 7634(4) 1722(8) 3248(4) 27(1) 

C(9A) 6751(4) 2699(8) 3147(4) 25(1) 

C(10A) 8741(3) 5164(9) 3054(3) 24(1) 

C(11A) 8339(4) 6042(8) 3716(3) 21(1) 

C(12A) 8775(3) 7228(8) 4383(4) 24(1) 

C(13A) 8343(4) 8251(8) 4876(4) 24(1) 

C(14A) 7428(4) 8200(7) 4693(3) 20(1) 

C(15A) 6979(3) 7004(8) 4037(3) 21(1) 

C(16A) 7432(3) 5896(8) 3606(3) 20(1) 

C(17A) 8814(4) 1043(9) 2608(4) 33(2) 

C(18A) 7381(4) 10485(10) 5741(4) 38(2) 

Br(1B) 1191(1) -91(1) 3475(1) 27(1) 

O(1B) 4198(2) 2650(6) 2185(2) 26(1) 

O(2B) 4450(3) 839(6) 814(3) 30(1) 

O(3B) 4610(2) 558(6) 3762(2) 29(1) 

N(1B) 1083(3) 5798(7) 1152(3) 26(1) 

C(1B) 2766(4) 3916(8) 1445(4) 21(1) 

C(2B) 3684(4) 3385(9) 1339(4) 27(1) 

C(3B) 3645(4) 1919(8) 635(4) 26(1) 
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C(4B) 2832(4) 675(9) 446(4) 27(1) 

C(5B) 2050(4) 1337(8) 462(4) 25(1) 

C(6B) 1958(4) 3346(8) 717(4) 24(1) 

C(7B) 1128(4) 3742(8) 1028(4) 24(1) 

C(8B) 1847(4) 6544(8) 1813(4) 27(1) 

C(9B) 2715(4) 6037(8) 1632(4) 27(1) 

C(10B) 1097(3) 2543(9) 1819(3) 25(1) 

C(11B) 1998(4) 2121(8) 2418(4) 24(1) 

C(12B) 2161(3) 959(8) 3138(4) 24(1) 

C(13B) 3016(4) 469(8) 3618(4) 24(1) 

C(14B) 3750(3) 1031(8) 3351(4) 24(1) 

C(15B) 3589(3) 2127(8) 2619(4) 23(1) 

C(16B) 2744(3) 2740(8) 2211(3) 21(1) 

C(17B) 244(4) 6383(10) 1321(4) 32(2) 

C(18B) 4747(4) -506(9) 4537(4) 33(2) 

O(1W) 7378(3) 967(6) 757(3) 34(1) 

O(2W) 1003(3) 7372(7) -499(3) 38(1) 

O(3W) 5669(3) 2161(7) -23(3) 44(1) 

________________________________________________________________________________ 
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 Table 3.   Bond lengths [Å] and angles [°] for  d20101_a. 

_____________________________________________________  

Br(1A)-C(12A)  1.907(5) 

O(1A)-C(15A)  1.370(6) 

O(1A)-C(2A)  1.484(6) 

O(2A)-C(3A)  1.429(7) 

O(2A)-H(2OA)  0.8399 

O(3A)-C(14A)  1.371(7) 

O(3A)-C(18A)  1.406(7) 

N(1A)-C(17A)  1.467(7) 

N(1A)-C(7A)  1.481(7) 

N(1A)-C(8A)  1.482(7) 

C(1A)-C(16A)  1.511(7) 

C(1A)-C(9A)  1.526(9) 

C(1A)-C(6A)  1.551(7) 

C(1A)-C(2A)  1.553(7) 

C(2A)-C(3A)  1.539(8) 

C(2A)-H(2AA)  1.0000 

C(3A)-C(4A)  1.494(8) 

C(3A)-H(3AA)  1.0000 

C(4A)-C(5A)  1.329(8) 

C(4A)-H(4AA)  0.9500 

C(5A)-C(6A)  1.503(8) 

C(5A)-H(5AA)  0.9500 

C(6A)-C(7A)  1.545(7) 

C(6A)-H(6AA)  1.0000 

C(7A)-C(10A)  1.552(8) 

C(7A)-H(7AA)  1.0000 

C(8A)-C(9A)  1.520(8) 

C(8A)-H(8AA)  0.9900 

C(8A)-H(8AB)  0.9900 

C(9A)-H(9AA)  0.9900 

C(9A)-H(9AB)  0.9900 

C(10A)-C(11A)  1.516(8) 

C(10A)-H(10A)  0.9900 

C(10A)-H(10B)  0.9900 
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C(11A)-C(16A)  1.388(8) 

C(11A)-C(12A)  1.394(8) 

C(12A)-C(13A)  1.384(8) 

C(13A)-C(14A)  1.386(8) 

C(13A)-H(13A)  0.9500 

C(14A)-C(15A)  1.393(8) 

C(15A)-C(16A)  1.371(8) 

C(17A)-H(17A)  0.9800 

C(17A)-H(17B)  0.9800 

C(17A)-H(17C)  0.9800 

C(18A)-H(18A)  0.9800 

C(18A)-H(18B)  0.9800 

C(18A)-H(18C)  0.9800 

Br(1B)-C(12B)  1.903(6) 

O(1B)-C(15B)  1.379(6) 

O(1B)-C(2B)  1.481(7) 

O(2B)-C(3B)  1.440(7) 

O(2B)-H(2OB)  0.8522 

O(3B)-C(14B)  1.375(6) 

O(3B)-C(18B)  1.429(7) 

N(1B)-C(8B)  1.471(7) 

N(1B)-C(17B)  1.473(7) 

N(1B)-C(7B)  1.485(7) 

C(1B)-C(16B)  1.501(8) 

C(1B)-C(6B)  1.532(8) 

C(1B)-C(2B)  1.543(8) 

C(1B)-C(9B)  1.549(8) 

C(2B)-C(3B)  1.533(9) 

C(2B)-H(2BA)  1.0000 

C(3B)-C(4B)  1.515(8) 

C(3B)-H(3BA)  1.0000 

C(4B)-C(5B)  1.321(8) 

C(4B)-H(4BA)  0.9500 

C(5B)-C(6B)  1.508(8) 

C(5B)-H(5BA)  0.9500 

C(6B)-C(7B)  1.542(8) 
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C(6B)-H(6BA)  1.0000 

C(7B)-C(10B)  1.548(8) 

C(7B)-H(7BA)  1.0000 

C(8B)-C(9B)  1.510(8) 

C(8B)-H(8BA)  0.9900 

C(8B)-H(8BB)  0.9900 

C(9B)-H(9BA)  0.9900 

C(9B)-H(9BB)  0.9900 

C(10B)-C(11B)  1.511(7) 

C(10B)-H(10C)  0.9900 

C(10B)-H(10D)  0.9900 

C(11B)-C(16B)  1.373(8) 

C(11B)-C(12B)  1.393(8) 

C(12B)-C(13B)  1.399(7) 

C(13B)-C(14B)  1.392(8) 

C(13B)-H(13B)  0.9500 

C(14B)-C(15B)  1.382(8) 

C(15B)-C(16B)  1.382(8) 

C(17B)-H(17D)  0.9800 

C(17B)-H(17E)  0.9800 

C(17B)-H(17F)  0.9800 

C(18B)-H(18D)  0.9800 

C(18B)-H(18E)  0.9800 

C(18B)-H(18F)  0.9800 

O(1W)-H(1WA)  0.8400 

O(1W)-H(1WB)  0.8400 

O(2W)-H(2WA)  0.8401 

O(2W)-H(2WB)  0.8400 

O(3W)-H(3WA)  0.8401 

O(3W)-H(3WB)  0.8400 

 

C(15A)-O(1A)-C(2A) 106.6(4) 

C(3A)-O(2A)-H(2OA) 104.9 

C(14A)-O(3A)-C(18A) 116.8(4) 

C(17A)-N(1A)-C(7A) 113.3(5) 

C(17A)-N(1A)-C(8A) 108.9(5) 
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C(7A)-N(1A)-C(8A) 112.3(4) 

C(16A)-C(1A)-C(9A) 113.7(4) 

C(16A)-C(1A)-C(6A) 105.8(4) 

C(9A)-C(1A)-C(6A) 108.9(4) 

C(16A)-C(1A)-C(2A) 100.0(4) 

C(9A)-C(1A)-C(2A) 112.3(4) 

C(6A)-C(1A)-C(2A) 115.8(4) 

O(1A)-C(2A)-C(3A) 109.6(4) 

O(1A)-C(2A)-C(1A) 106.5(4) 

C(3A)-C(2A)-C(1A) 113.3(4) 

O(1A)-C(2A)-H(2AA) 109.1 

C(3A)-C(2A)-H(2AA) 109.1 

C(1A)-C(2A)-H(2AA) 109.1 

O(2A)-C(3A)-C(4A) 113.6(5) 

O(2A)-C(3A)-C(2A) 111.7(4) 

C(4A)-C(3A)-C(2A) 113.5(4) 

O(2A)-C(3A)-H(3AA) 105.7 

C(4A)-C(3A)-H(3AA) 105.7 

C(2A)-C(3A)-H(3AA) 105.7 

C(5A)-C(4A)-C(3A) 121.3(5) 

C(5A)-C(4A)-H(4AA) 119.3 

C(3A)-C(4A)-H(4AA) 119.3 

C(4A)-C(5A)-C(6A) 119.6(5) 

C(4A)-C(5A)-H(5AA) 120.2 

C(6A)-C(5A)-H(5AA) 120.2 

C(5A)-C(6A)-C(7A) 114.8(5) 

C(5A)-C(6A)-C(1A) 110.1(5) 

C(7A)-C(6A)-C(1A) 106.4(4) 

C(5A)-C(6A)-H(6AA) 108.4 

C(7A)-C(6A)-H(6AA) 108.4 

C(1A)-C(6A)-H(6AA) 108.4 

N(1A)-C(7A)-C(6A) 107.4(4) 

N(1A)-C(7A)-C(10A) 114.7(5) 

C(6A)-C(7A)-C(10A) 114.2(5) 

N(1A)-C(7A)-H(7AA) 106.7 

C(6A)-C(7A)-H(7AA) 106.7 
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C(10A)-C(7A)-H(7AA) 106.7 

N(1A)-C(8A)-C(9A) 111.1(4) 

N(1A)-C(8A)-H(8AA) 109.4 

C(9A)-C(8A)-H(8AA) 109.4 

N(1A)-C(8A)-H(8AB) 109.4 

C(9A)-C(8A)-H(8AB) 109.4 

H(8AA)-C(8A)-H(8AB) 108.0 

C(8A)-C(9A)-C(1A) 112.0(5) 

C(8A)-C(9A)-H(9AA) 109.2 

C(1A)-C(9A)-H(9AA) 109.2 

C(8A)-C(9A)-H(9AB) 109.2 

C(1A)-C(9A)-H(9AB) 109.2 

H(9AA)-C(9A)-H(9AB) 107.9 

C(11A)-C(10A)-C(7A) 113.7(4) 

C(11A)-C(10A)-H(10A) 108.8 

C(7A)-C(10A)-H(10A) 108.8 

C(11A)-C(10A)-H(10B) 108.8 

C(7A)-C(10A)-H(10B) 108.8 

H(10A)-C(10A)-H(10B) 107.7 

C(16A)-C(11A)-C(12A) 114.7(5) 

C(16A)-C(11A)-C(10A) 119.0(5) 

C(12A)-C(11A)-C(10A) 125.7(5) 

C(13A)-C(12A)-C(11A) 123.3(5) 

C(13A)-C(12A)-Br(1A) 117.7(4) 

C(11A)-C(12A)-Br(1A) 119.0(4) 

C(12A)-C(13A)-C(14A) 120.2(5) 

C(12A)-C(13A)-H(13A) 119.9 

C(14A)-C(13A)-H(13A) 119.9 

O(3A)-C(14A)-C(13A) 125.4(5) 

O(3A)-C(14A)-C(15A) 117.1(5) 

C(13A)-C(14A)-C(15A) 117.4(5) 

O(1A)-C(15A)-C(16A) 113.1(5) 

O(1A)-C(15A)-C(14A) 125.8(5) 

C(16A)-C(15A)-C(14A) 120.9(5) 

C(15A)-C(16A)-C(11A) 123.0(5) 

C(15A)-C(16A)-C(1A) 110.0(5) 
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C(11A)-C(16A)-C(1A) 126.3(5) 

N(1A)-C(17A)-H(17A) 109.5 

N(1A)-C(17A)-H(17B) 109.5 

H(17A)-C(17A)-H(17B) 109.5 

N(1A)-C(17A)-H(17C) 109.5 

H(17A)-C(17A)-H(17C) 109.5 

H(17B)-C(17A)-H(17C) 109.5 

O(3A)-C(18A)-H(18A) 109.5 

O(3A)-C(18A)-H(18B) 109.5 

H(18A)-C(18A)-H(18B) 109.5 

O(3A)-C(18A)-H(18C) 109.5 

H(18A)-C(18A)-H(18C) 109.5 

H(18B)-C(18A)-H(18C) 109.5 

C(15B)-O(1B)-C(2B) 106.5(4) 

C(3B)-O(2B)-H(2OB) 114.0 

C(14B)-O(3B)-C(18B) 116.6(4) 

C(8B)-N(1B)-C(17B) 110.9(5) 

C(8B)-N(1B)-C(7B) 113.3(5) 

C(17B)-N(1B)-C(7B) 112.5(5) 

C(16B)-C(1B)-C(6B) 106.6(4) 

C(16B)-C(1B)-C(2B) 100.6(4) 

C(6B)-C(1B)-C(2B) 116.9(5) 

C(16B)-C(1B)-C(9B) 111.8(5) 

C(6B)-C(1B)-C(9B) 109.5(5) 

C(2B)-C(1B)-C(9B) 111.1(5) 

O(1B)-C(2B)-C(3B) 110.1(5) 

O(1B)-C(2B)-C(1B) 106.1(4) 

C(3B)-C(2B)-C(1B) 113.5(5) 

O(1B)-C(2B)-H(2BA) 109.0 

C(3B)-C(2B)-H(2BA) 109.0 

C(1B)-C(2B)-H(2BA) 109.0 

O(2B)-C(3B)-C(4B) 111.8(5) 

O(2B)-C(3B)-C(2B) 111.1(5) 

C(4B)-C(3B)-C(2B) 114.3(5) 

O(2B)-C(3B)-H(3BA) 106.4 

C(4B)-C(3B)-H(3BA) 106.4 
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C(2B)-C(3B)-H(3BA) 106.4 

C(5B)-C(4B)-C(3B) 121.5(6) 

C(5B)-C(4B)-H(4BA) 119.3 

C(3B)-C(4B)-H(4BA) 119.3 

C(4B)-C(5B)-C(6B) 120.1(6) 

C(4B)-C(5B)-H(5BA) 119.9 

C(6B)-C(5B)-H(5BA) 119.9 

C(5B)-C(6B)-C(1B) 110.0(5) 

C(5B)-C(6B)-C(7B) 114.4(5) 

C(1B)-C(6B)-C(7B) 107.3(5) 

C(5B)-C(6B)-H(6BA) 108.3 

C(1B)-C(6B)-H(6BA) 108.3 

C(7B)-C(6B)-H(6BA) 108.3 

N(1B)-C(7B)-C(6B) 107.5(5) 

N(1B)-C(7B)-C(10B) 114.9(5) 

C(6B)-C(7B)-C(10B) 112.6(5) 

N(1B)-C(7B)-H(7BA) 107.2 

C(6B)-C(7B)-H(7BA) 107.2 

C(10B)-C(7B)-H(7BA) 107.2 

N(1B)-C(8B)-C(9B) 112.0(5) 

N(1B)-C(8B)-H(8BA) 109.2 

C(9B)-C(8B)-H(8BA) 109.2 

N(1B)-C(8B)-H(8BB) 109.2 

C(9B)-C(8B)-H(8BB) 109.2 

H(8BA)-C(8B)-H(8BB) 107.9 

C(8B)-C(9B)-C(1B) 111.6(5) 

C(8B)-C(9B)-H(9BA) 109.3 

C(1B)-C(9B)-H(9BA) 109.3 

C(8B)-C(9B)-H(9BB) 109.3 

C(1B)-C(9B)-H(9BB) 109.3 

H(9BA)-C(9B)-H(9BB) 108.0 

C(11B)-C(10B)-C(7B) 113.8(5) 

C(11B)-C(10B)-H(10C) 108.8 

C(7B)-C(10B)-H(10C) 108.8 

C(11B)-C(10B)-H(10D) 108.8 

C(7B)-C(10B)-H(10D) 108.8 
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H(10C)-C(10B)-H(10D) 107.7 

C(16B)-C(11B)-C(12B) 114.6(5) 

C(16B)-C(11B)-C(10B) 119.5(5) 

C(12B)-C(11B)-C(10B) 125.5(5) 

C(11B)-C(12B)-C(13B) 122.9(5) 

C(11B)-C(12B)-Br(1B) 119.5(4) 

C(13B)-C(12B)-Br(1B) 117.6(4) 

C(14B)-C(13B)-C(12B) 120.3(5) 

C(14B)-C(13B)-H(13B) 119.8 

C(12B)-C(13B)-H(13B) 119.8 

O(3B)-C(14B)-C(15B) 118.7(5) 

O(3B)-C(14B)-C(13B) 124.5(5) 

C(15B)-C(14B)-C(13B) 116.9(5) 

O(1B)-C(15B)-C(16B) 112.3(5) 

O(1B)-C(15B)-C(14B) 126.6(5) 

C(16B)-C(15B)-C(14B) 121.1(5) 

C(11B)-C(16B)-C(15B) 123.6(5) 

C(11B)-C(16B)-C(1B) 126.1(5) 

C(15B)-C(16B)-C(1B) 109.7(5) 

N(1B)-C(17B)-H(17D) 109.5 

N(1B)-C(17B)-H(17E) 109.5 

H(17D)-C(17B)-H(17E) 109.5 

N(1B)-C(17B)-H(17F) 109.5 

H(17D)-C(17B)-H(17F) 109.5 

H(17E)-C(17B)-H(17F) 109.5 

O(3B)-C(18B)-H(18D) 109.5 

O(3B)-C(18B)-H(18E) 109.5 

H(18D)-C(18B)-H(18E) 109.5 

O(3B)-C(18B)-H(18F) 109.5 

H(18D)-C(18B)-H(18F) 109.5 

H(18E)-C(18B)-H(18F) 109.5 

H(1WA)-O(1W)-H(1WB) 92.6 

H(2WA)-O(2W)-H(2WB) 101.6 

H(3WA)-O(3W)-H(3WB) 123.1 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for d20101_a.  The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Br(1A) 20(1)  28(1) 34(1)  0(1) 3(1)  -3(1) 

O(1A) 22(2)  27(2) 22(2)  -4(2) 6(2)  0(2) 

O(2A) 30(2)  35(2) 30(2)  0(2) 6(2)  9(2) 

O(3A) 31(2)  31(2) 24(2)  -9(2) 6(2)  2(2) 

N(1A) 27(2)  19(3) 25(3)  1(2) 4(2)  4(2) 

C(1A) 20(2)  20(3) 21(3)  0(3) 3(2)  2(2) 

C(2A) 21(3)  21(3) 20(3)  -3(2) 6(2)  -3(2) 

C(3A) 25(3)  23(3) 21(3)  -4(3) 2(2)  2(2) 

C(4A) 30(3)  19(3) 21(3)  0(2) 5(2)  -3(2) 

C(5A) 27(3)  25(3) 18(3)  2(2) 5(2)  -2(2) 

C(6A) 28(3)  16(3) 19(3)  -2(3) 5(2)  1(3) 

C(7A) 28(3)  18(3) 19(3)  -1(2) 6(2)  1(2) 

C(8A) 31(3)  22(3) 27(3)  4(3) 6(2)  0(2) 

C(9A) 30(3)  19(3) 28(3)  1(3) 10(2)  -3(3) 

C(10A) 20(2)  24(3) 27(3)  -2(3) 7(2)  -1(2) 

C(11A) 29(3)  15(3) 18(3)  0(2) 3(2)  1(2) 

C(12A) 21(3)  23(3) 25(3)  7(3) 2(2)  -1(2) 

C(13A) 25(3)  23(3) 22(3)  1(2) 2(2)  -4(2) 

C(14A) 25(3)  19(3) 18(3)  2(2) 6(2)  1(2) 

C(15A) 19(3)  24(3) 19(3)  1(2) 5(2)  -2(2) 

C(16A) 23(3)  17(3) 17(3)  1(2) 3(2)  1(2) 

C(17A) 31(3)  27(3) 37(4)  1(3) 4(3)  4(3) 

C(18A) 40(4)  40(4) 31(4)  -16(3) 3(3)  2(3) 

Br(1B) 25(1)  29(1) 30(1)  4(1) 10(1)  -1(1) 

O(1B) 22(2)  31(2) 25(2)  4(2) 7(2)  -3(2) 

O(2B) 26(2)  37(2) 30(2)  8(2) 13(2)  8(2) 

O(3B) 23(2)  39(3) 24(2)  7(2) 3(2)  4(2) 

N(1B) 29(3)  20(2) 27(3)  -1(2) 6(2)  4(2) 

C(1B) 21(3)  17(3) 26(3)  4(2) 8(2)  -3(2) 

C(2B) 23(3)  29(3) 28(3)  4(3) 7(2)  -2(2) 

C(3B) 31(3)  24(3) 26(3)  7(3) 11(2)  5(2) 
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C(4B) 29(3)  24(3) 28(3)  0(3) 6(3)  0(2) 

C(5B) 29(3)  17(3) 29(3)  0(3) 6(3)  -4(2) 

C(6B) 26(3)  21(3) 25(3)  1(2) 8(2)  2(2) 

C(7B) 26(3)  20(3) 24(3)  1(2) 5(2)  2(2) 

C(8B) 33(3)  21(3) 26(3)  0(3) 8(3)  2(3) 

C(9B) 33(3)  19(3) 26(3)  2(3) 4(3)  1(3) 

C(10B) 20(2)  28(3) 28(3)  6(3) 7(2)  4(3) 

C(11B) 25(3)  20(3) 27(3)  0(2) 5(2)  2(2) 

C(12B) 24(3)  23(3) 25(3)  -1(3) 10(2)  4(2) 

C(13B) 29(3)  24(3) 20(3)  3(2) 8(2)  0(2) 

C(14B) 19(3)  28(3) 26(3)  2(3) 6(2)  2(2) 

C(15B) 24(3)  25(3) 21(3)  -4(2) 8(2)  -5(2) 

C(16B) 23(2)  18(3) 23(3)  0(2) 7(2)  -4(2) 

C(17B) 29(3)  38(4) 31(4)  0(3) 8(3)  6(3) 

C(18B) 23(3)  45(4) 27(3)  8(3) 3(2)  5(3) 

O(1W) 34(2)  39(3) 31(2)  -8(2) 13(2)  0(2) 

O(2W) 37(2)  42(3) 34(2)  7(2) 8(2)  10(2) 

O(3W) 34(2)  54(3) 44(3)  14(2) 14(2)  -1(2) 

______________________________________________________________________________ 
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 

for d20101_a. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  

H(2OA) 5246 8977 2756 48 

H(2AA) 5436 4873 2873 25 

H(3AA) 5274 6376 1634 29 

H(4AA) 6349 9264 1683 29 

H(5AA) 7510 7461 1578 28 

H(6AA) 6728 4154 1636 26 

H(7AA) 8275 4200 1800 26 

H(8AA) 8066 2182 3775 32 

H(8AB) 7559 356 3312 32 

H(9AA) 6577 2587 3691 30 

H(9AB) 6292 2068 2689 30 

H(10A) 9213 4280 3349 28 

H(10B) 9022 6161 2791 28 

H(13A) 8675 8991 5342 29 

H(17A) 9073 1346 2135 49 

H(17B) 8699 -307 2608 49 

H(17C) 9228 1402 3156 49 

H(18A) 6959 11100 6003 57 

H(18B) 7694 11436 5497 57 

H(18C) 7810 9767 6181 57 

H(2OB) 4547 192 1274 44 

H(2BA) 3981 4540 1202 32 

H(3BA) 3613 2633 94 32 

H(4BA) 2886 -609 314 33 

H(5BA) 1544 546 313 30 

H(6BA) 1936 4162 207 29 

H(7BA) 602 3387 548 28 

H(8BA) 1840 6039 2382 32 

H(8BB) 1797 7925 1835 32 

H(9BA) 3209 6380 2135 32 
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H(9BB) 2781 6765 1131 32 

H(10C) 740 3212 2146 30 

H(10D) 794 1345 1615 30 

H(13B) 3096 -250 4129 29 

H(17D) 164 7737 1226 49 

H(17E) 259 6086 1918 49 

H(17F) -250 5716 929 49 

H(18D) 5383 -688 4793 49 

H(18E) 4457 -1729 4407 49 

H(18F) 4494 169 4945 49 

H(1WA) 7465 1112 1290 51 

H(1WB) 6861 1393 651 51 

H(2WA) 1506 7090 -550 57 

H(2WB) 1044 7040 10 57 

H(3WA) 5302 1764 231 65 

H(3WB) 5635 3228 -249 65 

________________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for d20101_a. 

________________________________________________________________  

C(15A)-O(1A)-C(2A)-C(3A) -105.0(5) 

C(15A)-O(1A)-C(2A)-C(1A) 18.0(5) 

C(16A)-C(1A)-C(2A)-O(1A) -18.7(5) 

C(9A)-C(1A)-C(2A)-O(1A) 102.2(5) 

C(6A)-C(1A)-C(2A)-O(1A) -131.8(5) 

C(16A)-C(1A)-C(2A)-C(3A) 101.9(5) 

C(9A)-C(1A)-C(2A)-C(3A) -137.2(5) 

C(6A)-C(1A)-C(2A)-C(3A) -11.3(6) 

O(1A)-C(2A)-C(3A)-O(2A) -41.6(6) 

C(1A)-C(2A)-C(3A)-O(2A) -160.4(4) 

O(1A)-C(2A)-C(3A)-C(4A) 88.5(5) 

C(1A)-C(2A)-C(3A)-C(4A) -30.3(6) 

O(2A)-C(3A)-C(4A)-C(5A) 170.2(5) 

C(2A)-C(3A)-C(4A)-C(5A) 41.2(7) 

C(3A)-C(4A)-C(5A)-C(6A) -4.1(8) 

C(4A)-C(5A)-C(6A)-C(7A) -159.1(5) 

C(4A)-C(5A)-C(6A)-C(1A) -39.1(6) 

C(16A)-C(1A)-C(6A)-C(5A) -64.4(5) 

C(9A)-C(1A)-C(6A)-C(5A) 173.1(4) 

C(2A)-C(1A)-C(6A)-C(5A) 45.4(6) 

C(16A)-C(1A)-C(6A)-C(7A) 60.6(5) 

C(9A)-C(1A)-C(6A)-C(7A) -61.9(5) 

C(2A)-C(1A)-C(6A)-C(7A) 170.4(5) 

C(17A)-N(1A)-C(7A)-C(6A) 172.4(5) 

C(8A)-N(1A)-C(7A)-C(6A) -63.8(5) 

C(17A)-N(1A)-C(7A)-C(10A) -59.6(6) 

C(8A)-N(1A)-C(7A)-C(10A) 64.3(6) 

C(5A)-C(6A)-C(7A)-N(1A) -172.3(4) 

C(1A)-C(6A)-C(7A)-N(1A) 65.7(5) 

C(5A)-C(6A)-C(7A)-C(10A) 59.4(6) 

C(1A)-C(6A)-C(7A)-C(10A) -62.7(6) 

C(17A)-N(1A)-C(8A)-C(9A) -177.9(5) 

C(7A)-N(1A)-C(8A)-C(9A) 55.9(6) 

N(1A)-C(8A)-C(9A)-C(1A) -51.1(6) 
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C(16A)-C(1A)-C(9A)-C(8A) -62.4(6) 

C(6A)-C(1A)-C(9A)-C(8A) 55.3(6) 

C(2A)-C(1A)-C(9A)-C(8A) -175.0(4) 

N(1A)-C(7A)-C(10A)-C(11A) -92.6(6) 

C(6A)-C(7A)-C(10A)-C(11A) 31.9(7) 

C(7A)-C(10A)-C(11A)-C(16A) -2.5(8) 

C(7A)-C(10A)-C(11A)-C(12A) -173.2(5) 

C(16A)-C(11A)-C(12A)-C(13A) -2.8(8) 

C(10A)-C(11A)-C(12A)-C(13A) 168.3(5) 

C(16A)-C(11A)-C(12A)-Br(1A) 179.1(4) 

C(10A)-C(11A)-C(12A)-Br(1A) -9.9(8) 

C(11A)-C(12A)-C(13A)-C(14A) -3.1(9) 

Br(1A)-C(12A)-C(13A)-C(14A) 175.0(4) 

C(18A)-O(3A)-C(14A)-C(13A) -1.4(8) 

C(18A)-O(3A)-C(14A)-C(15A) -179.4(5) 

C(12A)-C(13A)-C(14A)-O(3A) -174.2(5) 

C(12A)-C(13A)-C(14A)-C(15A) 3.8(8) 

C(2A)-O(1A)-C(15A)-C(16A) -9.5(6) 

C(2A)-O(1A)-C(15A)-C(14A) 166.0(5) 

O(3A)-C(14A)-C(15A)-O(1A) 4.5(8) 

C(13A)-C(14A)-C(15A)-O(1A) -173.7(5) 

O(3A)-C(14A)-C(15A)-C(16A) 179.6(5) 

C(13A)-C(14A)-C(15A)-C(16A) 1.4(8) 

O(1A)-C(15A)-C(16A)-C(11A) 167.9(5) 

C(14A)-C(15A)-C(16A)-C(11A) -7.8(9) 

O(1A)-C(15A)-C(16A)-C(1A) -3.3(7) 

C(14A)-C(15A)-C(16A)-C(1A) -179.0(5) 

C(12A)-C(11A)-C(16A)-C(15A) 8.2(8) 

C(10A)-C(11A)-C(16A)-C(15A) -163.5(5) 

C(12A)-C(11A)-C(16A)-C(1A) 177.9(5) 

C(10A)-C(11A)-C(16A)-C(1A) 6.3(9) 

C(9A)-C(1A)-C(16A)-C(15A) -106.2(5) 

C(6A)-C(1A)-C(16A)-C(15A) 134.4(5) 

C(2A)-C(1A)-C(16A)-C(15A) 13.7(6) 

C(9A)-C(1A)-C(16A)-C(11A) 83.0(7) 

C(6A)-C(1A)-C(16A)-C(11A) -36.5(7) 
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C(2A)-C(1A)-C(16A)-C(11A) -157.1(5) 

C(15B)-O(1B)-C(2B)-C(3B) -102.8(5) 

C(15B)-O(1B)-C(2B)-C(1B) 20.3(6) 

C(16B)-C(1B)-C(2B)-O(1B) -21.4(6) 

C(6B)-C(1B)-C(2B)-O(1B) -136.3(5) 

C(9B)-C(1B)-C(2B)-O(1B) 97.1(5) 

C(16B)-C(1B)-C(2B)-C(3B) 99.6(5) 

C(6B)-C(1B)-C(2B)-C(3B) -15.3(7) 

C(9B)-C(1B)-C(2B)-C(3B) -141.9(5) 

O(1B)-C(2B)-C(3B)-O(2B) -33.9(6) 

C(1B)-C(2B)-C(3B)-O(2B) -152.6(5) 

O(1B)-C(2B)-C(3B)-C(4B) 93.7(6) 

C(1B)-C(2B)-C(3B)-C(4B) -25.0(7) 

O(2B)-C(3B)-C(4B)-C(5B) 164.2(5) 

C(2B)-C(3B)-C(4B)-C(5B) 36.9(8) 

C(3B)-C(4B)-C(5B)-C(6B) -3.2(9) 

C(4B)-C(5B)-C(6B)-C(1B) -38.0(8) 

C(4B)-C(5B)-C(6B)-C(7B) -158.7(5) 

C(16B)-C(1B)-C(6B)-C(5B) -65.1(6) 

C(2B)-C(1B)-C(6B)-C(5B) 46.4(7) 

C(9B)-C(1B)-C(6B)-C(5B) 173.8(5) 

C(16B)-C(1B)-C(6B)-C(7B) 59.9(6) 

C(2B)-C(1B)-C(6B)-C(7B) 171.4(5) 

C(9B)-C(1B)-C(6B)-C(7B) -61.2(6) 

C(8B)-N(1B)-C(7B)-C(6B) -62.0(6) 

C(17B)-N(1B)-C(7B)-C(6B) 171.1(4) 

C(8B)-N(1B)-C(7B)-C(10B) 64.2(7) 

C(17B)-N(1B)-C(7B)-C(10B) -62.6(6) 

C(5B)-C(6B)-C(7B)-N(1B) -173.5(5) 

C(1B)-C(6B)-C(7B)-N(1B) 64.3(6) 

C(5B)-C(6B)-C(7B)-C(10B) 59.0(7) 

C(1B)-C(6B)-C(7B)-C(10B) -63.2(6) 

C(17B)-N(1B)-C(8B)-C(9B) -177.4(5) 

C(7B)-N(1B)-C(8B)-C(9B) 54.9(7) 

N(1B)-C(8B)-C(9B)-C(1B) -49.8(7) 

C(16B)-C(1B)-C(9B)-C(8B) -63.7(6) 
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C(6B)-C(1B)-C(9B)-C(8B) 54.3(6) 

C(2B)-C(1B)-C(9B)-C(8B) -175.1(5) 

N(1B)-C(7B)-C(10B)-C(11B) -90.8(6) 

C(6B)-C(7B)-C(10B)-C(11B) 32.7(7) 

C(7B)-C(10B)-C(11B)-C(16B) -2.3(8) 

C(7B)-C(10B)-C(11B)-C(12B) -174.9(5) 

C(16B)-C(11B)-C(12B)-C(13B) 0.4(8) 

C(10B)-C(11B)-C(12B)-C(13B) 173.3(6) 

C(16B)-C(11B)-C(12B)-Br(1B) -177.4(4) 

C(10B)-C(11B)-C(12B)-Br(1B) -4.6(8) 

C(11B)-C(12B)-C(13B)-C(14B) -4.7(9) 

Br(1B)-C(12B)-C(13B)-C(14B) 173.2(4) 

C(18B)-O(3B)-C(14B)-C(15B) 177.3(5) 

C(18B)-O(3B)-C(14B)-C(13B) -3.2(8) 

C(12B)-C(13B)-C(14B)-O(3B) -177.4(5) 

C(12B)-C(13B)-C(14B)-C(15B) 2.1(9) 

C(2B)-O(1B)-C(15B)-C(16B) -10.6(6) 

C(2B)-O(1B)-C(15B)-C(14B) 165.9(6) 

O(3B)-C(14B)-C(15B)-O(1B) 7.8(9) 

C(13B)-C(14B)-C(15B)-O(1B) -171.7(5) 

O(3B)-C(14B)-C(15B)-C(16B) -176.0(5) 

C(13B)-C(14B)-C(15B)-C(16B) 4.5(8) 

C(12B)-C(11B)-C(16B)-C(15B) 6.4(8) 

C(10B)-C(11B)-C(16B)-C(15B) -166.9(5) 

C(12B)-C(11B)-C(16B)-C(1B) 176.5(5) 

C(10B)-C(11B)-C(16B)-C(1B) 3.2(9) 

O(1B)-C(15B)-C(16B)-C(11B) 167.5(5) 

C(14B)-C(15B)-C(16B)-C(11B) -9.2(9) 

O(1B)-C(15B)-C(16B)-C(1B) -4.0(7) 

C(14B)-C(15B)-C(16B)-C(1B) 179.3(5) 

C(6B)-C(1B)-C(16B)-C(11B) -33.0(8) 

C(2B)-C(1B)-C(16B)-C(11B) -155.4(6) 

C(9B)-C(1B)-C(16B)-C(11B) 86.6(7) 

C(6B)-C(1B)-C(16B)-C(15B) 138.2(5) 

C(2B)-C(1B)-C(16B)-C(15B) 15.8(6) 

C(9B)-C(1B)-C(16B)-C(15B) -102.2(6) 
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________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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 Table 7.  Hydrogen bonds for d20101_a  [Å and °]. 

____________________________________________________________________________  

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

____________________________________________________________________________  

 O(2A)-H(2OA)...O(1A) 0.84 2.28 2.742(6) 114.6 

 O(2A)-H(2OA)...O(3B)#1 0.84 2.40 3.016(6) 130.4 

 C(2A)-H(2AA)...O(1B) 1.00 2.52 3.463(7) 156.9 

 O(2B)-H(2OB)...O(2A)#2 0.85 1.97 2.805(6) 167.6 

 O(1W)-H(1WA)...N(1A) 0.84 2.01 2.816(6) 160.4 

 O(1W)-H(1WB)...O(3W) 0.84 1.97 2.770(6) 159.1 

 O(2W)-H(2WA)...O(1W)#3 0.84 2.03 2.862(6) 169.8 

 O(2W)-H(2WB)...N(1B) 0.84 2.03 2.862(7) 170.2 

 O(3W)-H(3WA)...O(2B) 0.84 1.95 2.785(6) 179.7 

 O(3W)-H(3WB)...O(2B)#3 0.84 2.06 2.902(7) 179.6 

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 x,y+1,z    #2 x,y-1,z    #3 -x+1,y+1/2,-z       
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 Appendix D. 

 

D1. Spectra of Compounds from Chapter II 
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D2. Spectra of Compounds from Chapter III 
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D3. Spectra of Compounds from Chapter IV 
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Appendix E. 

E1. Data Report for Pharmacology service 
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